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The rapid development of micro-nano fabrication techniques has enabled the realization 
of a new generation of devices that have the same functionalities as previous ones, but 
with greatly reduced footprints. One such group of devices are PhC (PhC) nanobeam 
cavities, which have emerged as promising configurations that pattern PhCs on 
waveguides. This thesis describes a study of optical resonators based on these 
configurations, whereby PhC nanobeam cavities following the prevailing deterministic 
method are fabricated and their characteristics and performance experimentally verified. 
Based on this platform, the in-plane rotation of doubly-coupled PhC nanobeam cavities 
integrated with nano-electro-mechanical-systems (NEMS) are studied and 
demonstrated; in experiments, more than 18 linewidths of the third order transverse-
electric mode corresponding to 0.037 mrad of the shrinking angle between the two 
nanobeam cavities are achieved. The versatile NEMS can be also incorporated with the 
cavity optomechanics: the optical spring effect of the NEMS parallel plate actuator is 
achieved, where the mechanical resonant frequency can be stiffened up from 5.11 MHz 
to 5.14 MHz.  
Several innovative processes and design methods resulting from the research and 
development processes are described in this thesis, i.e., a novel and efficient method of 
designing PhC split-beam nanocavities with high optical Q-factors, and the same 
method of designing the slotted PhC nanobeam cavity characteristic of an ultra-small 
mode volume of 0.076(λ/n)3, showing its prominent advantage in single nanoparticle 
detection down to 1 nm. The phenomenon of cavity optical resonance through the 
structures’ lateral and longitudinal directions is also investigated. A method of 
decoupling the optomechanical and thermo-optic effects in doubly-coupled PhC split-
vi 
 
beam nanocavities is studied: the experimental value of the tuning ratio of the even 
mode to the odd mode is estimated to be 97.4% which implies that these two modes 
response similarly regarding temperature changes. 
The tuning of Fano resonance based on PhC nanobeam cavities is explored. The 
dynamic control of the asymmetric Fano lineshape in PhC nanobeam cavities and 
waveguide Fabry-Perot cavities is achieved: the peak intensity level of the Fano 
resonance can be increased by 8.5 dB while the corresponding dip intensity presents 
the increment by 12.8 dB. Other novel tuning approach of Fano resonance is 
demonstrated through out-of-plane deformations. Additionally, the introduction of 
Fano resonance into the PhC split-beam nanocavity increases the Q-factor three-fold 
from 20,000 to 60,000.  
It has hoped that most of these studies will help exploit the novel mechanically tunable 
devices in optical reconfigurable circuits, quantum information processing, and 
optomechanical force harnessing, etc. Majority of this dissertation is based on the 
papers published in international journals and conferences that are listed in the 
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𝐵𝐵    Even resonant wavelength before the optical force actuation 
Δ𝜔𝜔   Detuning angular frequency 
Δλ𝑜𝑜𝑜𝑜𝑜𝑜
𝑂𝑂𝑀𝑀    OM effect induced wavelength detunings of the odd mode 
Δλ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑂𝑂𝑀𝑀    OM effect induced wavelength detunings of the even mode 
Δλ𝑇𝑇𝑂𝑂   Wavelength detuning caused by the TO effect 
Γ   Linewidth of the optical resonance mode 
𝛿𝛿   Phase shift 
𝛾𝛾   Decay rates of the nanobeam cavtity into the waveguide  
𝛾𝛾0   Decay rates of the nanobeam cavtity into the radiation loss  






Chapter 1 Introduction 
1.1 PhCs Cavities 
Optical cavities that confine light at certain resonant frequencies are indispensable 
building blocks in applied science and engineering. Various candidates are prevailing 
in photonics circuits1, especially Fabry-Pérot cavites, whispering gallery cavities 
(micro-ring, micro-disk, micro-pillar, microtoriod, etc.) and PhC (PhC) cavities.  
PhC cavities are promising for the manipulation of light due to many reasons. First, 
silicon-based PhC cavities are compatible with standard Complementary Metal Oxide 
Semiconductor (CMOS) processing techniques; the mature on-chip detectors, laser 
sources and coupling accessories make them a practical solution towards large scale 
integrations. Second, PhC cavities exhibit ultrahigh quality factors (Q-factors) and 
ultrasmall mode volumes. Even though the record optical Q-factor is held by the 
microtoriod resonator (875 million)2, it has a relatively large mode volume since its 
radius approaches 80 µm. However, the record Q-factor of PhC cavities is 9 million3. 
On the contrary, the mode volume of PhC cavities4 can be as low as 0.0096 (λ/n)3 (n is 
the refractive index). Third, the geometries of PhC cavities can be scaled down to 
nanometre. The smaller footprints are advantageous in optomechanics5 where the 
mechanical resonant mode can be pulled into the GHz range6. 
Tremendous applications have emerged with improvements in fabrication technologies 
and the development of PhC cavities, for instance, low threshold lasers7,8, electro-
optical modulators9,10, all optical reconfigurable networks (switches11,12, filters13, 
routers14,15, modulators16,17,18, storing19,20), nonlinear applications21, optofluidics22,23,24, 
cavity optomechanics25, 26, quantum information system27,28,29, etc.  
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PhC cavities can be simply classified according to the lattice dimensions. Figure 1.1 
shows the illustrations of one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D) PhC cavities. 1D-PhC cavities and some 2D-PhC cavities are both 
fabricated on the slab, where the device layer has a finite thickness. Besides the lattice 
direction where the Bragg reflection condition is met, all the other dimensions are 
confined by total internal reflection (TIR). In stark contrast, photons of 3D-PhC cavities 
are confined by three dimensional Bragg reflections. Nevertheless, 3D-PhC cavities are 
more complicated to make compared with 1D and 2D types.  In the following sections, 
the fundamentals of PhC cavities are introduced and representatives of 2D- and 1D-
PhC cavities and their potential applications are reviewed.  
 
Fig. 1.1 (a) Schematic of the one-dimensional PhC cavity; (b) schematic of the two-dimensional 





1.2 Literature Review 
A PhC is an optical nanostructure that is periodical in distributions of either permittivity 
( ε ) or permeability (µ ). When the lattice dimension of PhCs is reduced to the 
wavelength of light, versatile manipulations of light at nanoscale become possible. In 
1987, Yablonovitch and John first termed this type of structure as PhCs in their two 
milestone papers31,32. Yablonovitch started his remarkable idea in confining the photon 
in three dimensions and proposed the desired structure shown in Fig. 1.2. John’s idea 
focuses on the localization and control of light using disordered dielectric super-lattices. 
A specific realization of the proposed structure is shown in Fig. 1.2-(a). A vertical 
optical confinement can be achieved by the phase slip between periodic layers as shown 
in Fig. 1.2-(b). Since then, the number of research papers have exploded exponentially. 
Limited by the fabrication capabilities at that time, PhCs could only be built in 
centimetre scale in the early years, which make them only accessible in the microwave 
regime.   
 
 





1.2.1 Two-dimensional PhC Cavities 
Not until the semiconductor industry developed rapidly did Thomas Krauss 
demonstrate the first two-dimensional PhCs at optical wavelength in 199633. His work 
opened a new door for fabricating PhCs by adopting the methodologies in the 
semiconductor industry. 2D-PhCs are characteristic of patterning on the slabs with 
finite thickness. Unlike 3D-PhCs, the difficulties of fabricating 2D-PhCs are greatly 
reduced.  2D-PhCs induce the Bragg reflection to confine light in the periodic plane 
and the Total Internal Reflection in the third direction. By introducing defect regions, 
the cavities can be formed inside the 2D-PhC slabs. The Q-factor of the cavity is the 
fundamental figure that measures how well a cavity can confine a certain mode in the 
time domain which is defined as: 
𝑄𝑄 = 2𝜋𝜋 Energy stored per cycle 
Energy loss per cycle                                         1-1 
The effective mode volume is the other figure of merit in terms of the electrical field 
energy density in the space domain that is defined as34: 
𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 = ∭ 𝜀𝜀(𝑟𝑟)|𝐸𝐸�⃑ (𝑟𝑟)|2𝑜𝑜3𝑟𝑟𝑉𝑉max [ 𝜀𝜀(𝑟𝑟)|𝐸𝐸�⃑ (𝑟𝑟)|2]                                                1-2 
High Q/V ratios yield strong light-matter interactions which are essential for the 
realizations of optical filters with high extinction ratios, dense wavelength 
demultiplexers, highly sensitive biosensors, enhancement of nonlinear phenomena and 
low power consumption. 
In 1999, Oscar Painter fabricated a 2D-PhC cavity by forming a point defect in the 
centre of a 2D hexagonal pattern of air holes35. Theoretical analysis showed that the 
maximum Q-factor for this type of cavity was 20,000. Following the same mechanism, 
Tomoyuki in 2001 measured a Q-factor of 1,500 by embedding the quantum dots as 




Fig. 1.3 Illustration of end hole shifted 2D PhC nanocavities. 
Another straightforward 2D PhC cavity design37 (air-hole shifted cavity) is to tailor the 
end holes inside the cavity center to form the localization of photons, which is shown 
in Fig. 1.3. The scattering loss is reduced by tailoring the electrical distribution of the 
leaky region in Fourier space.  
Following the same principle, Noda et al. 38 fabricated a nanocavity with a Q-factor of 
45,000 and V of 7.0×10−14 cm3. The cavity was created by finely tuning the air-hole 
distance inside the line defect. The radiation loss was suppressed by analysing the 
Fourier Transform spectrum repetitively. A more sophisticated method was proposed 
by the same group which resulted in experimental Q-factor of 600,000 and theoretical 
Q-factor more than 20,000,000 in 200539. The adopted heterostructure was designed 
based on the mode-gap effect and the schematic of this structure is shown in Fig. 1.4–
(a). The largest Q-factor of this type of cavity can be 9 million by minimizing the 
absorption losses caused by water absorption40. As far as is known, this value is the 
highest recorded Q-factor for PhC cavities. The corresponding cavity mode profile is 




Fig. 1.4 (a) schematic of the double heterostructure PhC cavities; (b) mode slice of Ez at y=0 
plane. 
Similarly, the mode-gap effect was also achieved by local width modulation of a line 
defect through parameter searching; the layout of this type of cavity is shown in Fig. 
1.5-(a) (the mode profile is shown in Fig. 1.5–(b)). Eiichi Kuramochi from NTT, Japan 
observed a loaded Q-factor of 800,00041. In the same year, the estimated unloaded Q-
factor of the waveguide-width modulated photonic-crystal nanocavities rose to 
1,200,00042. The local refractive index tuning method was also proposed by Notomi 
who showed that the Q-factor can be extremely high (~5×109)43. To wit, this is the 
largest theoretical Q-factor of PhC cavities known so far.  
 
Fig. 1.5 (a) Illustration of local hole shifting PhC cavities; (b) mode slice of Ez at y=0 plane 
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1.2.2 One-dimensional PhC Nanocavities 
1D-PhC cavities, also termed as PhC nanobeam cavities, have gradually received much 
interest, which might rival their counterparts. One key advantage of 1D-PhC cavities is 
the naturally small footprints compared with 2D-PhC or 3D-PhC cavities. The resized 
dimensions ultimately yield highly compact devices. This level of integration could 
greatly reduce the size of nanophotonic devices such as zero-threshold lasers, filters, 
routers and switches. A schematic diagram of a 1D-PhC cavity is shown in Fig. 1.6. 
The idea of 1D-PhC can be traced back to J.S.Foresi (1997)44 who proposed cavity 
structures that are directly integrated into a silicon waveguide. At that time, the Q-factor 
was only 265 at a wavelength of 1.56 µm. Since then, various means have been adopted 
to improve either Q-factors or mode-volumes of 1D-PhC cavities. 
In 2005, Lipson demonstrated a mechanism for reducing mode volume of the 1D-PhC 
cavity. Even though the mode volume was reduced from 3.34 (𝜆𝜆/2𝑛𝑛)3 to 0.042 (𝜆𝜆/2𝑛𝑛)3, 
the measured Q-factor was 305 within the cavity dimension of 5 µm × 0.46 µm45. 
Erickson introduced optofluidic sensors comprising arrays of 1D-PhC cavities which 
achieved Q-factors of around 2,00046. The cavity consisted of eight holes on either side 
and the total cavity length was only 8 µm. Even though the footprint of the single cavity 
was limited to 3.2 µm2, this Q-factor value was only sufficient to illustrate the device 
concept.  
 
Fig. 1.6 Schematic of the 1D PhC nanobeam cavity 
Loncar’s group made tremendous contributions to improve the Q-factor of 1D-PhC 
cavities. In 2009, they designed cavities with a theoretical Q-factor47 as high as 1.4×107 
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and measured a Q-factor of nearly 7.4×105. The impedance between the waveguide 
mode and the Bloch mode was matched so that the scatter loss was considerably 
reduced. Not only the air-hole spacing but also the radii were tapered to meet the 
impedance match condition. The simulation workload was inevitably demanding.  In 
2010, a deterministic design of ultra-high Q-factor PhC nanobeam cavity was 
experimentally characterized48. Different from aforesaid trial-based methods, the 
deterministic one required computationally inexpensive photonic band calculations 
which reduced the total designing time to several minutes. More importantly, the final 
cavity resonance had less than 2% deviation from the targeted frequency. Utilizing this 
revolutionary method, the experimental result showed that the Q-factor was up to 
80,000 together with a transmission T=73%. Even though this Q-factor of PhC 
nanobeam cavity was one order of magnitude smaller than those of 2D-PhC cavities, 
the footprint could be diminished by more than 10-fold.  
There are two main configurations of PhC nanobeam cavities designed based on the 
deterministic method49: the first one is the nanobeam cavity with uniform beam width 
in which the hole sizes are gradually tapered; the second one is the cavity with identical 
holes in which the width of the nanobeam is modulated. Both schemes are applicable 
to yield high Q-factor cavities. 
PhC nanobeam cavities are promising platforms to explore the interaction of 
optomechanics and biosensing since they have balanced optical properties (e.g., high 
Q-factor and low mode volume) and small effective mass. Some representative work 
with this powerful tool are described in the following paragraphs.  
The first direction is optomechanical tuning for routing and filter applications50. 1D-
PhC cavities can easily construct doubly-coupled schemes, which provides more 
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degrees of freedom for tuning. Currently, two main tuning mechanisms are available: 
NEMS means51 and optical means52. As shown in Fig. 1.7-(a), by applying a voltage, 
the two PhC nanobeam cavities are pulled together due to electrostatic force. The 
deformations can be clearly observed. Figure 1.7-(b) shows the all-optical 
reconfiguration caused by the optical gradient force. Different from NEMS means, the 
optical gradient force actuation is absolutely immune to electromagnetic interference. 
The unbalanced Mach-Zehnder Interferometer allows for simultaneous measurement 
of both the even and odd modes. Using this all-optical approach, more than 18 
linewidths of tuning range was demonstrated52.  
 
Fig. 1.7 (a) SEM images of the Coupled PhC nanobeam cavities before and after electrostatic 
actuation51; (b) Optical micrograph of a device with a balanced MZI and an unbalanced MZI 
for simultaneous measurement of both the even and odd modes (inset is the cavity 
configuration)52. 
With the effect of the optical gradient force, a new phenomenon occurs: cavity 
optomechanics. In 2009, Eichenfield demonstrated a picogram and nanometer scale 
PhC optomechanical cavity5 (Fig. 1.8-(a)) where the structure mechanical rigidity is 
dominantly provided by the internal light field. In 2010, Qiang Lin reported the 
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coherent mixing53 of mechanical excitations based on similar configurations, which 
opened the door for coherently transferring radio frequency microwave signals (Fig. 
1.8-(b)). One year later, Painter’s group demonstrated coherent wavelength conversion 
of optical photons using photon–phonon translation in a cavity-optomechanical 
system54 (Fig. 1.8-(c)). The optical signal in a 1.5 MHz bandwidth is coherently 
converted over a frequency span up to 11.2 THz. 
 
Fig. 1.8 (a) SEM image of the silicon nitride nanobeam cavities5; the right side is the 
optomechanical system; (b) SEM image of the silicon PhC nanobeam cavities53; the right panel 
displays the two mechanical mode; (c) SEM of the fabricated silicon nanobeam optomechanical 
cavity. The right panel is the FEM simulation of the electromagnetic energy density of the first 
and second order optical cavity mode; displacement field of the colocalized mechanical mode55. 
There are also other novel configurations utilizing PhC nanobeam cavities. As shown 
in Fig. 1.9-(a), a waveguide patterned with high-reflectivity photonic crsytals collects 
the light efficiently from the optical cavities. This circuit enables steady-state squeezing 
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over almost 10 MHz of bandwidth and precisely measures the fluctuations in the 
position of the mechanical resonator. This study benefits precision metrology 
applications56. In addition, Mo Li’s group reported another interesting work using PhC 
nanobeam cavities shown in Fig. 1.9-(b). The nano see-saw was built where the out-of-
plane rotation was excited by the optical gradient force between the cavity and the 
substrate. The photons were shuttling between the two PhC nanobeam cavities57.  
 
Fig. 1.9 (a) SEM image of a waveguide-coupled zipper optomechanical cavity58; (b) 
schematic of the nano-scale PhC see-saw57. 
As the Q-factors of PhC nanobeam cavities can be easily as high as 106 and the mode 
volumes are much smaller than those of whispering gallery cavities, they are ideal 
candidates for biosensing. The sensing mechanism focuses on refractive index sensing: 
either the real or the imaginary part. Due to the ultrahigh Q-factor and small mode 
volume, certain perturbations can be easily reflected in the optical spectrum shift.  
Feng Liang demonstrated a scalable process of fabricating arrays of PhC nanobeam 
cavities for real-time protein detection59 and improved the label-free detection of 
carcinoembryonic antigen from pg/mL to µg/mL. With the chemical-functionalized 
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surface, PhC nanobeam cavities can also be utilized to detect gas-phased chemicals60. 
As for single particle detection, PhC nanobeam cavities show excellent 
performance61,62; the experimental results62 showed that the sizing single gold 
nanoparticles down to 1.8 nm in diameter were detected by a traditional nanobeam 
cavity with a Q-factor of 2.5 ×105 and a mode volume of 0.01 λ3. Additionally, complex 
refractive index sensing was proposed by Xingwang Zhang63, which is capable of 
detecting the concentration composition of the ternary mixture without surface 
immobilization of functional groups. The mentioned devices are shown in Fig. 1.10. It 
is foreseen that index sensing scheme based on PhC nanobeam cavities will be more 
prevalent in the future.  
 
Fig. 1.10 (a) SEM image of a PhC nanobeam cavity (left panel); Photonic circuits (right panel) 
that consist of waveguides (green lines), cavities (in red) and grating couplers (in black)59; (b) 
Schematics of the optical measurement system based on the simple slope detection method; the 
right panel shows the SEM image of the PhC nanobeam cavity coupled to a bus waveguide60; 
(c) Schematic of the piezosoray setup and PhC nanobeam device62. 
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Another branch of PhC nanobeam cavities- the PhC split-beam cavity- flourished due 
to the need for mechanical flexibility. PhC split-beam cavities have a complete cut 
through the cavity center, resulting in further reduction of cavity dimensions. Wider 
ranges of feasible mechanical motions are enabled with a higher mechanical degree of 
freedom (DOF). Due to the manual termination of the cavity centre as shown in Fig. 
1.11, these types of cavities face challenges of achieving high Q-factors. 
 
Fig. 1.11 Schematic of the PhC split-beam nanocavity 
Hryciw and Barclay64 proposed a deterministic method to design the PhC split-beam 
nanocavity and the theoretical Q-factor can be 106. However, the elliptical holes they 
adopted are hard to be fabricated, therefore the discrepancies between the theoretical 
parameters and the experimental ones cause degradation of Q-factors. Up to now, the 
experimental Q-factors only range from 12,000 to 13,00065,66,67, only one-fourth of 
those of prevailing PhC nanobeam cavities. 
One potential application of the PhC split-beam nanocavity is the optomechanical 
torque sensor as the extension of the torsional optomechanics. In 2014, Marcelo Wu 
proposed the dissipative and dispersive optomechanics for a torque sensor of PhC split-
beam nanocavities65. The fabricated device is shown in Fig. 1.12-(a). A torque detection 
sensitivity of 1.2×10−20 Nm/√Hz  in ambient conditions was achieved due to the 
thermal limitation. The optomechanical coupling can also be tuned by the near field 
fibre probe68 as shown in Fig. 1.12-(b), which shows the capability of readout of out-
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of-plane cantilever nanomechanical resonators. Practical magnetic field sensors based 
on PhC split-beam nanocavities are foreseen.  
Furthermore, the PhC paddle nanocavity, which is formed by inserting the paddle inside 
the center of the PhC split-beam nanocavity (Fig. 1.12-(c)), has evolved. Nonlinear 
optomechanical coupling was observed on this caivty69; this platform shows that 
quantum nondemolition measurements of phonon shot noise may be achieved.  
 
Fig. 1.12 (a)  SEM image of a split-beam nanocavity65; the top inset is the field distribution of 
the optical mode; the down left inset is the central gap; the right inset is the suspended 
nanobeam; (b) schematic of the near field fibre probing of the PhC split-beam nanocavity68; the 
right panel shows the electrical field with (upper) and without (lower) the fiber taper; (c) 
schematic of the PhC paddle nanocavity. The paddle is separated from PhC nanobeam mirrors. 
The elliptical hole horizontal and vertical semi-axes are tapered as shown; displacement profiles 
of the paddle nanocavity mechanical resonances69.  
 
Although ultrahigh–Q nanocavities were achieved by double-heterostructures, local 
hole-shifting cavities or those designed by deterministic method, the experimental Q-
factors were always found to be smaller than the theoretical values. The degradation of 
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Q-factor is mainly caused by fabrication errors during the CMOS process.  The 
relationship between experimental Q and the theoretical Q is given by37: 
                                           
exp
1 1 1
theo imperfectQ Q Q
= +          1-3               
The origins of such imperfection losses are categorized by Takashi Asano et al. as 
follows37: 
1. Imperfections of the cavity shape; 
2. Surface roughness of the Si slab; 
3. Surface roughness of the inner walls of the air holes; 
4. Variation in the radius of the air holes; 
5. Variation in the positions of the air holes; 
6. Tilt of the inner walls of the air holes; 
7. Imperfections of the cavity material; 
8. Optical absorption by residual-free carriers in the Si slab; 






1.3 Objectives, Outline and Scope of the Thesis 
This chapter provides an introduction to give a better understanding of the fundamentals 
applied in this thesis. It also summarizes the development of past and current milestones 
in the field of PhC cavities. It is obvious that the current research focus is the ultra-
compatible PhC nanobeam cavities. This dissertation is intended to extend the horizons 
of passive silicon PhC nanobeam cavities and make studies of PhC cavities complete. 
Therefore, the objectives of the thesis are: 
1. To develop an integrated nanophotonics platform based on PhC nanobeam 
cavities and other optical counterparts. 
2. To develop a standard fabrication process that is compatible with silicon 
micromachining fabrication technology. 
3. To develop a versatile experimental setup that is capable of characterizing 
nanophotonics and nano-mechanical devices either in vacuum or in air. 
4. To investigate various physical settings based on PhC nanobeam cavities 
exploring new physics phenomena. 
5. To study the interactions between optical resonance and mechanical motions 
using theoretical and experimental approaches. 
6. To investigate new PhC nanobeam cavity designs with a smaller mode volume 
that may be useful in biosensing. 
7. To investigate new PhC nanobeam cavity designs with more mechanical 




8. To investigate the NEMS perturbative techniques on the PhC nanobeam cavities 
via various mechanical motions. 
The outline and scope of this thesis are summarized as follows: 
1. Chapter 2 introduces the standard fabrication techniques used for the devices. 
The whole fabrication process is described. Facilities and the corresponding 
fundamentals are discussed; 
2. Chapter 3 elaborates the building blocks of PhC nanobeam cavities. Based on 
this type of ultrahigh Q-factor nanocavities, various novel physical settings are 
constructed including: in-plane static rotation of the doubly coupled PhC 
nanobeam cavities, a versatile optomechanics platform in the NEMS parallel 
plate actuators achieving static NEMS tuning and dynamic optical spring effect 
at the same chip; 
3. Chapter 4 elucidates the method and experimental demonstrations of the PhC 
split-beam nanocavities. The designing method is also applicable to the 
optimization of the slotted PhC nanobeam cavity. This type of split-beam 
nanocavity features multiple mechanical degrees of freedom. To fully utilize 
this advantage, various NEMS designs are exploited to achieve the lateral 
movement and longitudinal translation of one split-beam, investigating the 
interplay between the optical resonance and different motions. Last, the 
potential applications of the doubly coupled PhC split-beam nanocavities are 
explored and demonstrated for the possibility of studying the pure 
optomechanical effect. 
4. Chapter 5 describes the tuning of Fano resonance in PhC nanobeam cavity-
platforms. Due to the compatible design, Fano resonance can be constructed 
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with two physical settings: coupled waveguide Fabry-Perot and a PhC 
nanobeam cavity; the PhC split-beam nanocavity with offset inputs and outputs. 
The asymmetric Fano lineshapes are tuned using NEMS actuators through in-
plane translation and out-of-plane deformations. Additionally, Fano resonance 
scheme can further improve the Q-factor of the PhC split-beam nanocavity and 
the record Q-factor is reported. 
5. Chapter 6 describes the significance of this thesis and the conclusion is drawn. 






Chapter 2 Fabrication Procedures 
The PhC nanobeam cavities and other building blocks described in this thesis are 
fabricated using the standard silicon micromachining fabrication techniques. This 
chapter details each step in the fabrication process. All the devices obtained so far are 
fabricated on the four-inch silicon-on-insulator (SOI) wafers. The SOI wafer has a 260 
nm thick silicon device layer, which is bonded onto 2 µm thick SiO2 buried oxide 
through hydrogen implantation- the Smart CutTM Process of SOITEC. The device layer 
is boron-doped to a range of 14-22 Ω×cm. All the state-of-the-art facilities are provided 
by the SERC Nanofabrication and Characterization (SNFC) cluster at the Institute of 
Materials Research and Engineering (IMRE), A*STAR Singapore. 
 
2.1 Fabrication Process Flow 
To fabricate typical NEMS devices, two steps of electron beam lithography (EBL), two 
steps of conventional photolithography, three steps of etching, metal deposition, lift-
off, dicing and hydrofluoric acid (HF) vapour release are required. For those devices 
with substrate (e.g., biosensors), only two steps of EBL, one step of photolithography 
and dicing are needed. The fabrication steps for NEMS devices are described in this 
section and the process flow is illustrated in Fig. 2.1: 
1. The ZEP 520A7 positive EBL resist is spin-coated onto the wafer and patterned 
using the 1st EBL. The wafer is then developed with o-xylene developer; 
2. The structure patterns (NEMS comb drive, folded beams and optical cavities) 
are transferred to the silicon device layer using Inductive Coupled Plasma-Deep 
Reactive Ion Etching (ICP–DRIE) with SF6/C4F8 chemistries and etched at a 
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depth of 260 nm. The remnant resist is stripped using the microposit remover 
1165, a mixture of pure organic solvents; 
3. The ZEP 520A7 positive EBL resist is spin-coated onto the wafer and the mask 
patterns are defined using the second EBL. The wafer is then developed with o-
xylene developer; 
4. The patterns (grating couplers and ridge waveguide) are transferred again to the 
silicon layer and the etch depth is 80 nm; The remnant resist is stripped using 
the microposit remover 1165; 
5. The AZ 5214E positive photoresist is spin-coated and the pattern of the 
electrical isolation trenches are defined by the 1st photolithography. The wafer 
is developed in AZ developer. 
6. The isolation trenches are formed by etching the whole silicon device layer 
using ICP-DRIE. The remnant photoresist is stripped in acetone or IPA. 
7. The AZ 5214E positive photoresist is spin-coated onto the wafer and the pattern 
of the electrode pads is written by the second photolithography. The wafer is 
developed by rinsing with AZ developer.  
8. A thin gold layer is deposited on the surface of the wafer in the main chamber 
of the Electron-beam evaporator system. The wafer is rinsed in acetone or IPA. 
The spare gold is lifted off and washed together with the sacrificial photoresist 
below. The targeted gold pads remain in the regions where they are previously 
developed. 
9. The wafer is diced into pieces of chips of dimensions of 6 mm×6 mm. 
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10. Each chip is mounted onto the top-lid of a Teflon plate and its device layer is 
surrounded by HF vapour. The sacrificial SiO2 layer is removed so that some of 
the nanostructures are free-standing.  
11. External wires are bonded onto each chip for testing. 
 
 
Fig. 2.1 Schematics of the fabrication flow chart, step 1-2 (a) ZEP520A7 spin coating; (b) the 
1st EBL;(c) ICP-DRIE etch to the whole device layer; (d) the ebeam resist is removed by 
microposit 1165; step3-4 (e) ZEP520A7 spin coating; (f) second EBL; (g) 80nm shallow etch 
by ICP-DRIE; (h) the ebeam resist is removed by microposit 1165; step 5-6 (i) photoresist spin 
coating; (j) photolithography for electrical isolation trenches; (k) 260nm silicon etch by ICP-
DRIE; (l) remove the remnant photoresist; step 7-8 (m) photoresist spin coating;(n) 
photolithography for contact pads; (o) metal deposition by electron beam evaporator; (p) lift 






2.2 Electron Beam Lithography 
Nanostructures, such as PhCs, nanobeams, and fingers of comb drive, are defined by 
EBL as their critical dimensions are in the nanometer range. Unlike conventional 
photolithography, EBL exposes certain fields one by one, which makes this process 
time-consuming. The ELS-7000 E-beam write system (Elionix Japan) is adopted as the 
accelerating voltage can be up to 100 KV. 
ZEP 520A/520A7 is chosen due to its dry etch resistance and high resolution. With a 
spin-coating speed of 3000 RPM, it yields a uniform 350nm-thick film of ZEP 520A 
while ZEP 520A7 comes with a 250 nm-thick film. The resist is post-baked at 180℃ 
for 2 minutes to harden the resist by evaporation of the solvent. 
The time to expose a given area for a given dose is determined by the following 
formula71:  
D×A = T×I                                                          2-1 
where T is the time to expose the sample, I is the beam current, D is the dose and A is 
the area exposed. The mask layout writing area is estimated to be 3.6×10−3 𝑐𝑐𝑚𝑚2 for 
20 functional devices. An operating current of around 200 pA is chosen for the trade-
off between design accuracies and the writing time. The registered dose is usually in 
the range of 300-320 μC/cm2. Therefore, the total EBL writing time is approximately 
5400 seconds, corresponding to 1.5 hours. Usually, a 4-inch wafer consists of 36 chips 
and the total EBL writing time is around 12 hours. A field size of 300×300 𝜇𝜇𝑚𝑚2 with 
a dot density pitch of 60,000 is chosen in order to achieve a step size resolution of 5 
nm.  Since there are two steps of EBL, alignment error is unavoidable, which spans 
from 20 nm to 700 nm. This error worsens the scattering loss and decreases the signal-
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to- noise ratio. More examples of the misalignments are given in the devices elucidated 
in Chapters 3 and 4. 
 
Fig. 2.2 Front-view of ELS-7000 
 
2.3 Photolithography 
Photolithography is utilized to define those patterns that have relatively large 
dimensions, such as isolation trenches and electrical contacts, compared to those critical 
patterns of EBL. This step is handled by the Mask & Bond Aligner, MA8/BA6 with 
contact masks.  Two sets of photolithography patterns are aligned with those EBL 
patterns according to the alignment mark, which is determined in the 1st EBL. 
The SUSS MA8 Mask Aligner is a widely-used tool as shown in Fig. 2.3-(a). The MA8 
exposes samples to 365 nm UV light. The minimal feature size is 2 µm which is 
determined by the diffraction limit. Therefore, it is not applicable for the fabrication of 
PhCs which have dimensions from 5 nm to hundreds of nanometres. The exposure time 
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is dependent on the resist thickness and lamp intensity and it is important to avoid either 
over-exposure or under-exposure.  
Before spin-coating the photoresist, an additional operation is needed, i.e., 
Hexamethyldisilazane (HMDS) is to promote adhesion between photoresist and silicon 
layer. The adhesion is created by forming a bond between them. This technique not 
only reduces the chance of contamination, but also smoothens the developing process. 
The operation machine of HMDS is shown in Fig. 2.3-(b). 
 
Fig. 2.3 Front views of (a) MA8/BA6; (b) HDMS. 
 
2.4 Nano-Etching 
There are two etching mechanisms used in the MEMS/NEMS processes: dry etching 
and wet etching. The characteristic of the wet etching is the complete isotropic profile. 
Wet etching is not suitable for defining structures that are very close to each other, as 
they melt together due to isotropy. On the contrary, dry etching can produce highly 
anisotropic etchingf profiles, which mainly avoids the undercutting problem of wet 
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etching. Dry etching is usually performed in the Reactive Ion Etching (RIE), ICP-RIE, 
DRIE or ICP-DRIE. 
ICP-enhanced DRIE is a plasma etching technique combined with physical sputtering 
and chemical reactivity species. The combination of the two processes causes erosion 
of the silicon. For single crystalline silicon etching, the Oxford Plasma 100 DRIE/ICP 
system is adopted, which is shown in Fig. 2.4. Different from RIE, ICP-DRIE is 
composed of two plasma sources. The ICP generates high densities of ions and neutrals 
for etching. The RF-powered chunk controls the energy of the ions that bombard the 
wafer. Additionally, the ICP-DRIE has the ability to cool down its chamber to 
cryogenic temperatures, which is essential to achieve vertical profiles. As plasma 
density is enhanced by ICP, the wafer needs to be cooled constantly with 15 Torr 
Helium gas to maintain the temperature at 20 ℃. In the etching procedure, the RF power 
is set at 30 W and ICP power at 750 W under a pressure of 15 mTorr.  
In this work, SF6 is chosen as the plasma etchant due to its rapid etch rate and excellent 
selectivity with the ZEP 520/ZEP 520A/ZEP 520A7 E-beam resist. The etch-inhibiting 
film formed in-situ on the sidewalls is enabled by C4F8 gases. The introduction of the 
sidewall passivation polymer layers is to further enhance the anisotropic etching.  
 
Fig. 2.4 Front view of Plasmalab System 100 
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2.5 Metal deposition and Lift off Process 
The electrical contacts in the devices are formed by depositing a thin layer of gold on 
the wafer followed by a lift-off process. The metal deposition is implemented by the 
New Denton E-Beam Evaporator System which is shown in Fig. 2.5. A layer of Cr is 
first deposited. A 5 nm-thick Cr layer is used as an adhesion layer to ensure enough 
adhesion of Au onto the silicon. The other layer of Au is deposited subsequently which 
is 200 nm thick for electrical conductivity and wire-bonding. 
The extra gold can be removed by immersing in acetone and the conventional lift-off 
process can be accelerated by putting the wafer in an ultrasonic oven. 
 
Fig. 2.5 Denton E-beam evaporation system 
 
2.6 Dicing and Sacrificial Release of Nanostructures 
Before the HF vapour release stage, the whole wafer needs to be cut into pieces of chips, 
which is performed by the Dicer DA D321 system (Fig. 2.6-(a)). Normally, the wafer 
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is placed with its device side up. To avoid contamination which may occur during the 
singulation, a layer of PMMA resist is spin-coated onto the top side of the device. The 
bottom side of the wafer is attached to a blue mylar tape with a thickness of 0.07 mm 
that remains intact during the singulation. In the dicing process, a standard single cut is 
employed due to its efficiency. Since the dicing patterns are far away from the silicon 
device, the functional patterns are carefully protected. 
The most critical step throughout the whole fabrication is the last step of sacrificial 
oxide etching.  Its handling determines the overall yield of NEMS chips. Traditionally, 
sacrificial SiO2 is removed by wet etching: immersing in HF or BHF solutions and then 
dried. However, the conventional method induces irreversible stiction. This is due to 
the attractive capillary forces of the liquid, which are several orders of magnitude larger 
than the mechanical restoring force generated by NEMS structures. HF vapour release 
is adopted instead.  
After been diced into 6 mm square chips, each one is put on a Teflon plate with its 
device layer facing the HF acid vapour to etch the silicon dioxide below the cavities 
and actuators. The etching of silicon dioxide is isotropic.  
The chemical reactions of etching SiO2 by HF vapour are expressed as follows: 
2HF + H2O =HF2- + H2OH+                                                2-2 
SiO2 +2HF2-+ 2H2OH=SiF4+4H2O                                     2-3 
First, water and HF are present in the gaseous form. They are then absorbed on the 
surface of the SiO2. Etching of SiO2 in turn generates more water according to the above 
equation. Thus, temperature control is important to maintain adequate amounts of water.  
A higher temperature vaporizes more water, which reduces the etch rate of SiO2. Hence 
the etch rate of SiO2 is inverse to the ambient temperature. The higher temperature also 
28 
 
reduces the possibility of stiction and increases the device yield as the humidity is 
decreased. Therefore, there exists a trade-off between the SiO2 etch rate and device 
yield. As shown in Fig. 2.6-(b), the temperature is controlled by the distance between 
the Teflon plate and a 10 W light bulb lamp.  
 
Fig. 2.6 (a) Front view of the dicing system; (b) experimental setup of the HF vapour release. 
 
Demonstrations of released samples are illustrated in Fig. 2.7. Figure 2.7-(a) shows the 
partially released device where the remaining SiO2 is clearly observed. Even though 
SiO2 still exists, the structure is air-suspended and movable. Figure 2.7-(b) shows the 
fully released device where all the SiO2 beneath the cavity is removed. Failure does 




Fig. 2.7 SEM of the (a) Partial release of the structure; (b) Full release of the structure; (c) 







Chapter 3 PhC Nanobeam Cavities 
This chapter first describes the design and experimental illustrations of PhC nanobeam 
cavities. Second, various platforms based on PhC nanobeam cavities are built up: in-
plane rotation of doubly coupled PhC nanobeam cavities, cavity optomechanics in 
NEMS parallel plate actuators. 
3.1 Introduction 
The PhC nanobeam cavities are recently of interest to many researchers as they exhibit 
extraordinary properties, i.e. smaller footprints which are beneficial for highly 
miniaturization and large scale integration and the ultrahigh Q-factor and ultra-small 
mode volume of the PhC nanobeam cavities that make them advantageous for 
spontaneous emission enhancement, and ultra-sensitive sensors, etc.  
The PhC nanobeam cavity is the core of the work in this chapter as its sharp optical 
resonance makes it a great candidate to study its interplay with any mechanical motions. 
Moreover, its integration with NEMS technology allows for various tuning mechanism.  
In section 3.3, two NEMS platforms based on doubly coupled PhC nanobeam cavities 
are designed. First one is the in-plane rotation; second is the cavity optomechanics.  
3.2 Single PhC Nanobeam Cavities 
This section introduces the design procedure and experimental demonstration of the 
single PhC nanobeam cavity.  
3.2.1 Design Procedure 
Different from the aforementioned methods, ultrahigh Q-factor is obtained using 
extensive parameter search and optimization72. The deterministic method proposed by 
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Qimin Quan et al. does not require trial-and-error based parameter search and just need 
a few steps of band diagram calculation. The principle of the deterministic cavity design 
is mainly divided into three aspects:  
(i) constant period results in the constant phase velocity which ensures phase 
matching between the Bloch mode and the waveguide mode;  
(ii) zero cavity length ensures a higher Q-factor;  
(iii) Gaussian field attenuation achieved by quadratic radius tapering. 
 The deterministic cavity has one row of PhC holes with constant period but gradually 
tapered holes. The electrical field has a Gaussian mode profile along the light 
propagation direction due to the linear increase of mirror strength. Its cavity resonance 
is determined by the band edge of the central hole. The perturbation theory suggests 
that the resonant wavelength is smaller than the band edge of the dielectric mode since 
the band diagram of each tapered mirror red-shifts away from the centre hole. The 
optical potential well is created so that the radiation loss is suppressed and high Q-factor 
is maintained.  
The key to achieve Gaussian profile is linearly decreased filling fraction of each mirror. 
Filling fraction is defined as the ratio of the area of the hole and the unit cell and can be 
calculated as: 





                                                             3-1                                             
where a is the hole space lattice, R is the hole radius and b is the beam width. 
A schematic of this PhC nanobeam cavity is shown in Fig. 3.1–(a). For this design, the 
period and width of the nanobeam are 300 nm and 700 nm, respectively. The radius of 
the central hole is 100 nm while the radius of the last hole is 25 nm after 39 tapers. The 
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dimensionless frequency of the band edge determined from the lowest band in the band 
diagram is 0.20112, which refers to 1491.63 nm as shown in Fig. 3.1–(b); the 
waveguide mode profiles is shown in Fig. 3.1–(c). The resonant mode is formed by 
localizing this waveguide mode. The fundamental resonant frequency lies above 
1491.63 nm according to the Perturbation theory. 
 
Fig. 3.1 (a) Schematic of the proposed nanobeam cavity (the number of the hole does not reflect 
the real case); (b) Band diagram of the unit cell with central hole (the dashed circle indicates 
the targeted mode); (d) mode profile of the waveguide at the boundary of the 1st Brillouin zone. 
The three-dimensional Finite-Difference-Time-Domain (3D-FDTD) simulation results 
using Rsoft Fullwave module show that the fundamental resonance of the cavity is 
1533.16 nm, which satisfies with the BandSolve result aforementioned. Its Q-factor and 
mode volume are 2.46E7 and 0.0706 (𝜆𝜆/𝑛𝑛)3  respectively. The mode profile (Ey 




Fig. 3.2 Illustration of the computed mode profile of Ey component within 10µm range of the 
nanobeam. 
All the four resonant modes in the range of 1520 nm to 1620 nm are displayed in the 
following Table 3-1. 
Table 3-1 Wavelengths and Q-factors of the first four resonant modes of PhC nanobeam cavity 
in the range between 1520 nm and 1620 nm. 
Mode 1st second 3rd 4th 
Wavelength 
(µm) 
1.5332 1.5569 1.5729 1.5865 
Q-factor 2.46E7 2.33E6 1.86E5 1.86E6 
Mode volume (𝜆𝜆/𝑛𝑛)3 0.0706 0.1353 0.18 0.2322 
 
One advantage of this type cavity is that it naturally couples the waveguide into the 
cavity which does not require any other coupler designs and simplifies the cavity design. 
The transmission at the cavity resonance is 2 2/wg totalQ Q , which means the higher Q-factor 




The side-coupled PhC nanobeam cavity is fabricated for testing. The central part of the 
PhC nanobeam cavity is shown in Fig. 3.4-(a). The PhC nanobeam cavity is 680 nm 
wide; the radius of the central hole is designed to be 100 nm while the radii of the 
remaining 39 holes to each side is gradually tapered to be 25 nm. One waveguide is 
placed next to the cavity with the offset of 120 nm. 
The light is coupled in and out of the chip via a pair of grating couplers. The grating 
couplers are designed for transmission of the quasi-transverse (TE) modes. The critical 
parameters of the grating coupler are as follows: the pitch depth is 80 nm, the pitch 
period is 600 nm and the filling factor is 50%. Its total area is 12 µm×12 µm. Its 
transmission peak is tuned around 1550 nm of the optical fiber communication range. 
Figure 3.3 exhibits the FDTD simulation of the transmission spectrum.  
 
Fig. 3.3 The simulated transmission spectrum of the designed grating coupler. 
 
According to the optical spectrum as shown in Fig. 3.4–(b), the 3rd order TE mode has 
a resonant wavelength of 1573.608 nm and the Full Width at Half Magnitude (FWHM) 
of 84 pm corresponds to a Q-factor of 19,000. All devices in the following sections 
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include the PhC nanobeam cavities as the building block, this section is only a 
demonstration. The SEM image of one PhC nanobeam cavity is shown in Fig. 3.4-(a).  
 
Fig. 3.4 (a) SEM image of the side-coupled PhC nanobeam cavity; (b) Optical transmission 
spectrum of this device. 
 
 
3.3 Coupled PhC Nanobeam Cavities 
The doubly coupled PhC nanobeam cavities are formed by combing two identical 
deterministic cavities together. Their initial offset gap ranges from 100 nm to 150 nm 
(for the following simulation results, the gap is 140 nm wide). Each resonant mode of 
the deterministic cavity naturally forms even and odd modes of the doubly coupled 
cavities. Thus, both attractive and repulsive forces can be generated.        
One feature of the coupled cavities is the unequal mode splitting. In the weak coupling 
region, the Temporal Coupled Mode (TCM) theory demonstrates the equal splitting. 
However, in the strong coupling region where the gap is below 200 nm, the TCM does 
not apply and the results can be obtained by the FDTD method.   
The fundamental and high order modes of one PhC nanobeam ultrahigh Q cavity are 
split into pairs of even and odd modes. They are denoted as TEe1, TEe2, TEe3, TEe4, TEo1, 
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TEo2, TEo3 and TEo4. The modes with relatively low Q-factors are appropriate to be 
pump signals due to their wide peaks while higher Q-factor modes are preferred as the 
probe signal73.  
The resonance wavelength and its corresponding Q-factor of each mode are illustrated 
in Table 3-2. From the 1st to the 4th order of modes, all the resonance spans from 1530 
nm to 1590 nm where this wavelength range is the forbidden band governed by the 
PhCs. The higher the resonant mode orders are, the lower Q-factors they will have. 
Table 3-2 Wavelengths and Q-factors of the first four pair of resonant modes of the doubly 
coupled PhC nanobeam cavities in the range between 1520 nm and 1620 nm. 
Mode 
first second third fourth 
odd even odd even odd even odd Even 
Q-
factor 




1.5322 1.5348 1.556 1.5587 1.5718 1.5749 1.585 1.588 
 
The TEe2 mode profile with g=140 nm at the plane of Y=1564 nm and the TEo3 mode 
profile with g=140 nm at the plane (Y=-55 nm) is shown in Figs. 3.5-(b) and (d). For 
the TEe2 mode, the air slot mode is only half of the magnitude of the cavity mode in the 
dielectric beam. From Figs. 3.5-(a) and (c), it is obvious that the odd mode has a zero 
component in the slot region while the even mode has a non-zero electrical field 




Fig. 3.5 (a) Horizontal cut of computed even mode profile at Y=1564 nm; (b) computed even 
mode profile of coupled cavities; (c) Horizontal cut of computed odd mode at Y=-55 nm; (d) 
computed odd mode profile of coupled cavities 
The experimental results are summarized below. Figure 3.6-(a) shows the zoom-in view 
of the fabricated doubly coupled PhC nanobeam cavities where the central gap is 139 
nm. Figure 3.6-(c) shows the resonance of the 3rd order odd TE mode which is centered 
around 1567.38 nm and has a Q-factor of 42,400. Figure 3.6-(d) presents the 3rd order 
even TE mode: the resonant wavelength is 1569.95 nm and the Q-factor is 65,300. 
Compared with simulation results, the experimental Q-factors are one order of 




Fig. 3.6 (a) SEM image of the fabricated doubly coupled PhC nanobeam cavity (zoom-in view); 
(b) simulated mode profiles of the 1st order even mode and 1st order odd mode; experimental 
optical transmission spectrum of (c) the 3rd order odd mode; (d) the 3rd order even mode.  
 
3.3.1 Tuning Method via Nano-Electro-Mechanical-Systems 
Optomechanics has attracted researchers’ interests due to their extraordinary properties 
and feasible applications, such as all-optical reconfigurable devices74,75,76, 
optomechanical tunable filters52, dynamic back-action cooling and amplification77,78,79, 
nano-optomechanical actuators80. One of the important aspects of optomechanics is the 
interaction between the light field of photonic devices and their mechanical 
motions5,73,81. Although various cavity-based optomechanical devices have been 
studied till now, their motion is mainly translational form75,26. Recently, nanoscale out-
of-plane torsional motions have been developed as a new means of manipulating optical 
modes in nano-optomechanical systems82,57,83; however, the in-plane rotations are still 
missing in the literatures. Benefiting from the rapid development of nano-electrical-
mechanical- systems (NEMS)73,84,85, the versatile control of photonic devices by NEMS 
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can be realized. To make the studies complete in this field, a NEMS mechanism is 
proposed to drive the in-plane rotation of one of the doubly coupled PhC nanobeam 
cavities in this section. It is the first time to report the NEMS-assisted in-plane rotational 
optomechanical interaction. By taking advantage of DOF of the mechanism, more novel 
optomechanical phenomena can be achieved. 
The schematic of the device is shown in Fig. 3.7: one of the coupled PhC nanobeam 
cavities is fixed while the other is connected to the NEMS actuators. The actuator drives 
the right side of the moveable nanobeam in -y direction, translating the displacements 
of the nanobeam into angle changes of the two cavities as displayed in Fig. 3.7. 
The optical properties of the doubly coupled PhC nanobeam cavities are characterized 
by FDTD simulations (Lumerical Solution, Inc.), which is to be covered in the next 
pages. 
 
Fig. 3.7 (a) Schematic view of the working mechanism; (b) enlarged view of the insert dot 
square (the cavity is not in scale). 
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The experimental procedures are elaborated as follows. First, a DC voltage is applied 
to the specific electrodes so that one comb drive moves accordingly with the ultra-fine 
step, which causes a shrinking angle between the two nanobeam cavities (in clockwise 
direction). The relationship between the input voltage and the actuation force of the 
comb drive is calculated using the three-dimensional finite element method (3D FEM). 
3D FEM simulates how the angle varies according to the driving force. Second, the 
optical resonance of the coupled nanobeam cavities at each input voltage is 
simultaneously recorded by an oscilloscope. Finally, the optical resonance frequency 
shift at the function of the rotation angle is obtained by fitting the experimental data. In 
this way, changing of the angle is optically read-out in high precision. 
 
 
Fig. 3.8 SEM images of (a) the global view of the device; (b) zoom-in coupled PhC nanobeam 





Fig. 3.9 The mode splice of the electrical field component |Ey|2 of (a) the third order TE even 
mode; (b) the fourth order TE odd mode; (c) the fourth order TE even mode (not in scale). 
The device was fabricated following the same flow elucidated in Chapter 2. The SEM 
images of the fabricated device are shown in Fig. 3.8. The PhC nanobeam cavity design 
follows the deterministic method proposed by Quan et al.48, which has been widely 
used in optomechanics52,86,87 due to smaller effective motion mass. Key advantages of 
this design are not only less time-consuming but also feature an ultra-high Q-factor. 
The beam is 520 nm wide; its mirror lattice is 300 nm. The central hole has the radius 
of 100 nm and quadratically tapered to 25 nm after 39 periods. Some holes near the end 
cannot be etched thoroughly due to the relative small size. Light is coupled to the device 
via the grating coupler (12 μm × 12 μm), guided by the rib waveguide and propagates 
in the air-suspended nanobeam cavities patterned with PhCs. Meanwhile the other 
nanobeam cavity is suspended and supported by Z-shaped folded beams at both ends. 
The Z-shaped beams are carefully designed to absorb the released stress during the 
fabrication process providing an appropriate torsion constant. The four sets of folded 
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beam suspensions are identical with a width of 2.5 μm and length of 9.5 μm. As shown 
in Fig. 3.8-(d), the NEMS comb drive comprises a total of  17 movable fingers; each one with a 
387 nm-wide overlap of the fixed fingers. Each finger is 180 nm wide with a gap 
spacing of 180 nm. 
Based on the dimensions of the coupled cavities measured under SEM, FDTD 
simulations are utilized to recognize the cavities’ modes: the third order TE even mode 
(TEe,3), the fourth order TE odd mode (TEo,4) and the fourth order TE even mode (TEe,4) 
are around 1565.7 nm, 1568.8 nm and 1579.4 nm, respectively. As can be seen from 
Fig. 3.9. (a)-(c), resonant fields of all the three modes symmetrically distribute along 
both y- and x-axes. For both the TEe,3 and TEe,4, modes, they are typical air-slot modes 
in which light is enhanced inside the air gap. For the TEo,4 mode, the light inside the air 
gap vanishes due to the anti-symmetry condition. 
 




The device is tested on the fiber-based setup reported in Ref.88, which is shown in Fig. 
3.10. The only difference is that the output light is collected by the low noise photo-
receiver (The New Focus Model 1811) and monitored in real-time by the oscilloscope 
(DSO90404A). The tunable laser source and oscilloscope could synchronously sweep 
the wavelengths from 1500 nm to 1630 nm with the smallest sweep interval of 0.2 pm.  
The experimental transmission spectra are plotted in Figs. 3.11 (a)-(d). These optical 
resonance peaks are at 1565.39 nm (TEe,3), 1568.88 nm (TEo,4) and 1575.92 nm (TEe,4); 
the corresponding Q-factors are about 81,900, 6,200, and 7,400, respectively. The 
resonant wavelength discrepancies between the experimental and simulation results are 
mainly due to fabrication imperfections and measurement errors of SEM. Compared 
with the simulation results, the Q-factors are one order of magnitude smaller, which are 
attributed to fabrication non-idealities causing inevitable scattering losses.  
 
Fig. 3.11 The transmission spectrum of (a) the whole wavelength range (5 mW laser injection 
power); (b) the third-order even mode (1 mW laser injection power); (c) the fourth-order odd 
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Fig. 3.12 (a) The exaggerate view of the surface displacement actuated by 10 nN (inset is the 
surface displacement distribution of one period of comb drive provided 18 V); (b) the 
relationship between the applied voltage and the rotation angle; (c) transmission spectra of the 
TEe,3 mode under 2.5 V and 10 V, respectively. 
In order to derive a relationship between the electrostatic force and applied voltages, 
one period of the comb drive is simulated in the 3D FEM; electrostatic forces are 
therefore calculated by taking the volume integral of the Maxwell stress tensor. The 
displacement distribution at 18 V is shown in the inset of Fig. 3.12-(a). Therefore, the 
force magnitude generated by the total 17 fingers of comb drive related to the applied 
voltage is obtained subsequently. Provided the actual geometries of the device, the 3D 
FEM simulations are also utilized to determine the relationship between the rotation 
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angle and the resulted electrostatic force. Figure 3.12-(a) demonstrates one scenario of 
the nanobeam actuated by 10 nN force: the largest offset of the nanobeam occurs in the 
right end, which is approximately 4 nm corresponding to an angle of 0.11 mrad (the 
figure is exaggerated for a better illustration). As a consequence, the relationship 
between the rotation angle and the applied voltage is derived subsequently and plotted 
in Fig. 3.12-(b).   
When the voltage is loaded onto the electrodes, comb drive generates the electrostatic 
force to drive one PhC nanobeam cavity. The whole system maintains an equilibrium 
state when the electrostatic force equals the mechanical restoring force provided by 
folded beam suspensions. The optical resonant wavelengths of all the TEe,3, TEo,4 and 
TEe,4 modes are therefore red-shift respectively due to the shrinking angle between the 
two PhC nanobeam cavities. One example of the wavelength detuning of the TEe,3 mode 
under 2.5 V and 10 V is illustrated in Fig. 3.12-(c).  
The wavelength detunings of the TEe,3, TEo,4 and TEe,4 modes as a function of applied 
voltages are experimentally investigated and displayed in Figs. 3.13-(a), (c) and (e); the 
error bars are standard errors caused by Lorentz fitting. For the TEe,3 mode, the optical 
resonance change is approximately parabolic with the voltage. In contrast, the tendency 
is more obvious for the TEe,4 mode. The Q-factors of the TEe,3 mode during the 
measurement remain above 45,000 and the maximum Q-factor is up to 104,000. It is 
noted that 104,000 is the record Q-factor of PhC nanobeam cavities that have been 
achieved in my project so far. For the TEe,4 mode, all the Q-factors exceed 7,200. The 
corresponding frequency shift of each resonance versus the rotation angle is 
demonstrated in Figs. 3.13-(b), (d) and (f). The largest frequency shift of the TEe,3 mode 
is achieved as 42.3 GHz under 12 V whilst the TEe,4 mode obtains 115 GHz frequency 
shift under 17 V. More than 18 linewidths of the TEe,3 mode has been achieved 
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regarding to the total 0.037 mrad angle shrinkage. Additionally, the TEo,4 mode is less 
sensitive to the changing angle even though the Q-factors are around 6,500: the topmost 
frequency shift is only about 8 GHz provided 12 V. It is easy to interpret since nearly 
no resonant field exists inside the air gap between the two PhC nanobeam cavities. In 
stark contrast, the resonant field of two even modes inside the gap are strong enough to 
interact with the in-plane rotational perturbation.  
 
Fig. 3.13 The wavelength detunings and Q-factors change as a function of applied voltages for 
the (a) TEe,3 mode;(c) TEo,4 mode; (e) TEe,4 mode; The frequency detunings and corresponding 
polynomial fitting for the (b) TEe,3 mode;(d) TEo,4 mode and (f) TEe,4 mode. 
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To summarize, the in-plane rotation of the doubly coupled PhC nanobeam cavities 
utilizing a nanoelectromechanical system (NEMS) actuator have been demonstrated by 
which the rotation angle between the two nanobeam cavities is ultra-finely controlled. 
In experiments, more than 18 linewidths of the TEe,3 mode corresponding to 0.037 mrad 
of the shrinking angle between the two nanobeam cavities are achieved. This approach 
has the merits of small foot-print, high precision and applicability to various types of 
coupled nanobeam cavities. This mechanism can be applied in optomechanical devices 





3.3.2 Cavity electro-optomechanics and optomechanics 
The versatile NEMS on a silicon-on-insulator platform is proposed and the cavity 
electro-optomechanics and the optical spring effect experimentally demonstrated 
respectively.  The NEMS parallel plate actuator is adopted due to its straightforward 
design and optomechanical rigidity. The interplay between the out-of-plane 
deformations and the optical resonant mode is analyzed.  Additionally, the in-plane 
mechanical mode with the mechanical frequency of 5.11 MHz is investigated; its 
dynamic characteristic is measured in both low and high optical pump regimes. The 
mechanical frequency can be stiffened up to 5.14 MHz; the tuning range reaches 34 
kHz, which is improved by 11 fold compared to the NEMS comb drive based structures. 
By combining the high optical Q-factor of coupled cavities and higher frequency of the 
mechanical modes, it opens the way for achieving the resolved-sideband limit in the 
NEMS. 
On September 14, 2015, a transient gravitational-wave signal was successfully 
observed by the Laser Interferometer Gravitational-wave Observatory (LIGO)89. The 
studies in cavity optomechanics contribute to improve the detector sensitivity as the 
radiation pressure force induced by the light alters the dynamics of the LIGO mirror, 
tuning the frequency response of the detector. This optomechanical phenomenon, 
termed as the optical spring effect, is first characterized in a detuned Fabry-Perot 
cavity90. Since then, the optical spring has been demonstrated in diverse platforms26 
spanning from kilogram scale mirrors of LIGO to micro/nano resonators91. Various 
applications are enabled including all-optical amplification of radio frequency 
signals92,all-optical reconfigurations93, nonvolatile mechanical memory94, 




In 2014, the optical spring effect in NEMS was proposed and experimentally 
demonstrated83,97. Limited by the large mass and soft spring design of the comb drive 
structure, the operating mechanical frequency of the system is only hundreds of kHz 
while the tuning range of the mechanical stiffness is less than 3 kHz: these two 
unfavorable figures of merit obstruct its practical applications. To make it viable, the 
canonical NEMS actuator is proposed, parallel-plate actuator (PPA), to characterize the 
cavity electro-optomechanics and the optical spring effect on a SOI platform. This 
platform consists of two silicon plates and two coupled PhC nanobeam cavities; each 
plate is connected with one PhC nanobeam cavity; therefore, mechanical motions are 
imprinted on the probe optical mode of the doubly coupled PhC nanobeam cavities. 
The cavity electro-optomechanics is achieved by applying bias voltages to PPAs 
inducing the out-of-plane deformations. The cavity optomechanics is optically pumped 
and probed; the optical spring effect in NEMS is demonstrated.  
Figures 3.14-(a)-(c) show the SEM images of the fabricated device. The two plates (15 
µm×15 µm) are supported by four sets of springs (the folded beam suspensions), which 
resemble silicon box springs. Each silicon box spring provides the sufficient 
mechanical rigidity. The two silicon plates together with the shared silicon substrate 
make up of the two sets of NEMS PPA. There are two nanobeams located in the center, 
which are designed to be identical to bridge the two plates; one end is clamped while 
the other is directly connected to the plate. To optically read out the out-of-plane 
deformations, each nanobeam is patterned with PhCs which form the cavity in the 
middle as shown in Fig. 3.14-(b). The individual cavity is designed to support optical 
resonant modes in the wavelength range of 1530 nm to 1600 nm following the previous 
work85: the beam is 700 nm wide, which is composed of 79 holes with a lattice spacing 
of  300 nm to achieve the Gaussian field envelope72. The doubly coupled PhC 
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nanobeam cavities give rise to pairs of symmetry and anti-symmetry resonant modes, 
which detect mechanical motions and drive the cavity optomechanics. The light is 
coupled in and out of the chip via a pair of grating couplers (12 µm×12 µm)98. The light 
propagates in the ridge waveguide, air-suspended waveguide, subsequently tunnels into 
the cavity and excites the resonant modes; then the light is guided by the other pathway 
and sent out to the detector. Figure 3.14-(c) presents the global view of the chip 
consisting of five devices in total; each device includes one electrode and one 
corresponding isolation trench; the on-chip electrode is wire-bonded to the PCB pin.  
 
Fig. 3.14  SEM images of (a) device layout, insets are the enlarged views of the waveguide 
interfaces at input and output channels; (b) coupled nanobeams patterned with PhCs, bridging 
two plates; (c) global view of the device, electrode, gold wire and isolation trench. 
The device is tested in the fiber-based setup99 and the schematic is shown in Fig. 3.15-
(a); the input single-mode fiber and output multi-mode fiber are precisely controlled by 
the 3-axis piezo-actuators. The transmitted optical power is collected by the optical 
spectrum analyzer (OSA, ANDO AQ6317C) and photodetector (PD, the New Focus 
Model 1811), respectively. Both the OSA and PD can sweep with the tunable laser 
source synchronously. The low-noise PD is connected to the electrical spectrum 
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analyzer (MXA Signal Analyzer N9020A up to 3.6 GHz) for real time monitoring the 
cavities’ mechanical motion to obtain radio-frequency spectra. The device is placed in 
a vacuum chamber where air pressure is pumped to 10-4 mtorr and the views of the 
vacuum chamber is shown in Figs. 3.15-(b)-(c).  
 
Fig. 3.15 (a) FPC (fiber polarization controller), DUT (device under test), PD (photodetector), 
OSA (optical spectrum analyzer), SM (single-mode fiber), MM (multi-mode fiber); (b) front 
view of the vacuum chamber; (c) view of the pump. 
The canonical NEMS actuator, parallel plate actuator (PPA), is adopted to achieve the 
cavity electro-optomechanics. The mechanism is schematically shown in Fig. 3.16-(c). 
As the device layer and substrate are conductive, an external bias voltage is applied 
across two electrodes. The induced electrostatic force between the two parallel plates 
causes the free-standing structures bend towards the substrate until the electrostatic 
force equals the spring restoring force; therefore, the resonant wavelength of the 
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coupled PhC nanobeam cavities is shifted accordingly. The finite-element method 
(FEM) is utilized to verify the out-of-plane deformation at each input voltage.  
 
Fig. 3.16 FEM-modelled (a) displacement profile of the system at 20 V; (b) deformation of the 
cavity beam at various input voltages; (c) schematic of the electrostatic tuning mechanism: the 
voltage is applied to the substrate and device layer respectively. 
The distance profile (z-axis) of the system at 20 V is illustrated in Fig. 3.16-(a). Besides 
the large plate, all the air-suspended structures are deformed; for the two coupled 
nanobeams: one end is clamped while the other is attached to the silicon box spring. 
The largest deformation along the straight part of the beam occurs near its center, which 
reaches 13.4 nm. Furthermore, the deformations of the single PhC nanobeam cavity 
versus different input voltages are plotted in Fig. 3.16-(b). With 20 V of external bias, 




Fig. 3.17.  (a) Optical resonant mode transmission at laser injection power of 1 mW; (b) the 
mode profile of the TEe,3 mode, color bar indicates the normalized intensity; (c) illustration of 
the electrostatic tuning at 0 V, 4 V and 14 V respectively; (d) resonant wavelength detuning 
and Q-factor versus applied voltage. 
In Fig. 3.17-(a), the optical property of this device shows that the third-order transverse 
electric resonant mode (TEe,3 mode) is centered around 1573.3 nm and its Q-factor is 
9,400.  The mode profile of the TEe,3 mode is obtained by the FDTD method, which is 
shown in Fig. 3.17-(b). As the resonant field is strong in the air gap between the two 
nanobeams, this feature improves the sensitivity of optically reading out the gap 
changes. Figure 3.17-(c) shows three scenarios of the detuned resonance caused by the 
input voltages: apparently, the resonant wavelength of the TEe,3 mode is blueshifted. 
Additionally, the peak amplitude is increased as well. The resonant wavelength versus 
the applied voltage at an interval of 2 V is plotted in Fig. 3.17-(d): the maximum 
wavelength detuning is approximately 170 pm, which occurs at 22 V. Throughout the 





Fig. 3.18.  (a) Detected radio frequency spectrum with IP and OP modes excited by the optical 
resonant mode of 1571.1 nm (inset is the optical transmission through the cavity); FEM-
modelled mechanical resonances around (b) 4.99 MHz; (c) 5.11 MHz. 
The optical spring effect of the cavity optomechanics is characterized in another device 
using the same experimental setup aforementioned above. As shown in the inset of Fig. 
3.18-(a), the optical Q-factor of this device is much larger. The radio frequency 
spectrum of its transmitted optical intensity is directly read out from the electrical 
spectrum analyzer: the spectrum up to 10 MHz is shown in Fig. 3.18-(a), in which five 
in-plane (IP) and two out-of-plane (OP) mechanical modes are optically pumped and 
probed. The optical resonant mode (TEe,3 mode) is detuned to the maximum slope of 
the cavity resonance, which is highlighted in the inset of Fig. 3.18-(a). Since the even 
mode of the coupled nanocavities is extremely dispersive to the in-plane motion and 
less sensitive to the out-of-plane motion, the IP and OP modes can be easily 
differentiated: two OP modes are located around 5.62 MHz and 6.68 MHz. The peak 
around 3.17 MHz is the noise introduced by the PD; the 4.99 MHz and 5.11 MHz modes 
constitute a pair of IP modes while the remaining three modes are single. Figures 3.18-
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(b) and (c) show the FEM-simulated mode profiles of the adjacent mechanical resonant 
modes around 5 MHz.  
The 5.11 MHz IP mechanical mode is focused as the signal-to-noise ratio of the 4.99 
MHz one is too low. Figure 3.19-(a) shows the transmission of the optical resonant 
mode around 190.95 THz (TEe,3 mode ,1571.1 nm) in the low power regime (0.1 mW 
laser injection power); the Lorentz fitting curve indicates the linewidth of 4.25 GHz 
and the Q-factor of 44,900. The mechanical mode is optically probed at 1571.1 nm. Its 
amplitude is plotted in Fig. 3.19-(b), which shows the mechanical resonant frequency 
is about 5.11 MHz and its decay rate is 1,400 Hz. As the optical resonant frequency is 
swept across, the mechanical frequency (Ω𝑀𝑀′ ) is perturbed by the ‘optical spring’, which 
stemmed from the interaction between the optical gradient force and the mechanical 
motion. The red-detuned softening and blue-detuned stiffening are observed in Fig. 





Fig. 3.19.  (a) Optical transmission of the cavity at the laser injection power of 0.1 mW; (b) 
optically excited (red star point highlighted in Fig. 3.19.(a)) and detected mechanical mode with 
the resonant frequency of 5.11MHz and decay rate of 1400 Hz; (c) measured and fitted 
mechanical resonant frequency versus detuning at low optical power regime; (d) linewidth 
broadened cavity transmission at the laser injection power of 5 mW; (e) Measured and fitted 
mechanical resonant frequency versus detuning at high optical power regime. 
This typical optical spring effect in the sideband unresolved limit (Ω𝑀𝑀 ≪ Γ) can be fully 
predicted by the following equation5:  
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where ΩM is the bare mechanical frequency, gOM is the optomechanical coupling 
coefficient, 𝑚𝑚𝑥𝑥 is the bare mass, |𝑎𝑎0|2 is the time-averaged energy stored in the coupled 
optical cavities, 𝜔𝜔0 is the angular frequency of the optical resonant mode, Δ0′  is the laser 
detuning (Δ2 ≡ (Δ0′  )2 + (Γ/2)2). The red solid curve in Fig. 3.19-(c) shows a good 
agreement with the experimental data.  
As for the high power regime (5 mW laser injection power), the thermo-optic effect 
induced nonlinearity greatly broadens the optical resonant linewidth as shown in Fig. 
3.19-(d). Both the optical gradient force and thermo-optic effect provide significant 
stiffness to the mechanical resonance of the NEMS. Figure 3.19-(e) demonstrates the 
varied mechanical frequency as a function of the detuned optical frequency; the 
experimental data is fitted using the equation above. To estimate the input power in the 
waveguide just before the cavities, a reference device without the cavities just beside 
the testing one is fabricated in order to calibrate the coupling loss of the grating couplers. 
Thus, the input power just before the cavities is approximately 0.45 mW. The overall 
mechanical frequency tuning range is up to 34 kHz; compared with the published 
work97, the tuning range has been improved by 11 fold. It is also noteworthy that the 
mechanical frequency is increased by about 15 fold (from 350 kHz to 5.1 MHz), which 
provides the potential of pushing NEMS in the resolved-sideband limit.  
In conclusion, the cavity electro-optomechanics and the optical spring effect of the 
NEMS PPAs are experimentally demonstrated in one experimental setup. For the 
former one, the coupled cavities of the device feature a resonant wavelength of 1573.3 
nm (Q-factor 9,400); for the input voltage of 22 V, the 17.5 nm actuation distance 
induces -170 pm resonant wavelength shift. For the latter one, another device with an 
optical Q-factor of 44,900 is tested. Optical spring effect in both low and high optical 
pump regimes are validated. In the high optical power scenario, the mechanical 
58 
 
frequency can be stiffened from 5.11 MHz to 5.14 MHz and the tuning range is 





This chapter describes the building blocks of PhC nanobeam cavities. Two main 
categories-static in-plane tuning and dynamic optical gradient force tuning are 
elucidated. 
In section 3.2, the prevailing deterministic method to design is followed and the PhC 
nanobeam cavity is experimentally characterized which agrees well with the 
simulations. 
In section 3.3, two NEMS platforms based on doubly coupled PhC nanobeam cavities 
are designed. First one is the in-plane rotation; The largest frequency shift of the TEe,3 
mode is achieved as 42.3 GHz under 12 V whilst the TEe,4 mode obtains 115 GHz 
frequency shift under 17 V. More than 18 linewidths of the TEe,3 mode has been 
achieved regarding to the total 0.037 mrad angle shrinkage. The second platform is 
about the cavity optomechanics.  As a typical dynamic phenomenon, the optical spring 
effect demonstrates that the mechanical frequency can be stiffened up to 5.14 MHz and 
the tuning range can reach 34 kHz, which is improved by 11 fold compared with the 




Chapter 4 PhC Split-beam Nanocavities 
Recently, PhC split-beam nanocavities emerge as a new means in the cavity 
optomechanics. This chapter focuses on the design method of PhC split-beam 
nanocavities, various in-plane NEMS tuning of this type of cavities and investigates the 
potential applications. 
PhC split-beam nanocavities allow for ultra-sensitive optomechanical transductions but 
are degraded due to their relatively low optical Q-factors. We have proposed and 
experimentally demonstrated a new type of one-dimensional PhC split-beam 
nanocavity optimized for an ultra-high Q-factor. The method is based on the 
combination of the deterministic method and hill-climbing algorithm. The latter is the 
simplest and most straightforward method of the local search algorithm which provides 
the local maximum of the chosen Q-factors. This method is universal in optimizing the 
figures of merit of nanocavities unless the appropriate variables are determined for the 
algorithm.  
4.1 Introduction of PhC Split-beam Nanocavities 
Past ten years, exponential growth in the development of the PhC cavities has been 
witnessed, among which PhC nanobeam cavities provide extraordinary performance of 
light-matter interactions due to the unique merits of ultra-high Q-factors, ultra-small 
mode volumes and compatibility48.  Many applications flourish including tunable 
filters50, optical switch and logic gate100 , gas sensing and single molecule detection60, 
the Fano resonance operations101, optomechanics52,102, and nonlinear frequency 
conversion103,104. Recently, PhC split-beam cavities which further reduce the cavity 
geometries and enable feasible mechanical motions resulting from a higher degree of 
freedom attracted numerous interests from researchers. Wide applications are made into 
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reality, especially in ultra-sensitive optomechanical transductions, such as 
optomechanical torsional sensing65,82, near-field optomechanical probing66, etc. 
However, the experimental optical Q-factors of those split-beam PhC nanocavities are 
relatively low 65,66,67 which, to some extent, degrade the performance. To maximize the 
sensitivity, the optical split-beam nanocavity design featuring ultra-high Q-factors is 
essential. Herein, a novel one-dimensional PhC split-beam nanocavity based on the 
deterministic method48 and the hill-climbing algorithm105 is proposed and 
experimentally demonstrated. This split-beam nanocavity consists of two mechanically 
uncoupled air-suspended cantilever beam and every beam is patterned with Bragg 
mirrors. A portion of the mirrors are optimized through the hill-climbing algorithm, 
which results in densely localized resonant modes with higher Q-factors.  
4.2 Design Recipe 
The combination of the deterministic method48 and the hill-climbing algorithm is 
effective in optimizing the Q-factors of PhC nanobeam cavities. By setting the certain 
geometries of cavities as the variables of the algorithm, the output of the algorithm 
yields a local maximum Q-factor when the cavity geometries are optimized. Therefore, 
the one-dimensional PhC split beam cavity can have a larger Q-factor if the radii of the 
first three holes are calculated. Additionally, the mechanism is also applicable to the 
slotted PhC nanobeam cavity as the dimensions of the central slot can be also optimized. 
In the following two sections, the designing methods of PhC split-beam nanocavities 
and slotted PhC nanobeam cavities are elucidated. 
4.2.1 Design of the PhC Split-beam Nanocavity 
By introducing the air slot in the central part of the nanobeam cavity, the split beam 
cavity is created. Due to the abrupt index change between the air and silicon boundary, 
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the Q-factor decreases dramatically accompanied with a resonance shift. With the 
intention of optimizing the Q-factor, the slot width and the radius of the three Bragg 
mirrors are adjusted utilizing the greedy local search algorithm and each iteration is 
validated by the FDTD method.  Optimization to find the best solution throughout the 
global search space is time-consuming64, and the experimental results only range from 
12,000 to 13,00065,66,67. Instead of a global search, a local search algorithm is attractive 
due to the time-efficiency. Among these algorithms, the hill-climbing algorithm is the 
simplest and most straightforward method and is employed here. The procedures are 
summarized: 
Firstly, the cavity design begins with the PhC nanobeam cavity with the non-air slot in 
the middle of the beam adopting the linear fill fraction taper. The nanobeam cavity has 
the period of 300 nm, beam width of 700 nm, thickness of 260 nm and length of 30 μm. 
The diameter of the central hole is 200 nm and the other holes are linearly tapered to 5 
nm after 39 steps at the interval of 5 nm. All the resonant modes obtained by FDTD 
center around 1530 nm to 1580 nm. 
Secondly, a 75 nm-wide air-slot is introduced in the center region to form the split-
beam cavity which causes all the resonant modes to blue-shift significantly. The 
resonance is transferred into the C-band by shrinking the beam width to 500 nm and 
increasing the period to 328 nm while the other cavity geometries remain the same. 
Thirdly, the optimized Q-factors of the resonant modes are achieved by fine tuning the 
radius of three holes in the central neighborhood using the hill-climbing algorithm. As 
shown in Fig. 4.1-(a), the radius of the first three holes in the center greatly affects the 
optical performance of the split-beam cavity. Therefore, the 3-element vector ?̅?𝜐 ={𝑟𝑟1, 𝑟𝑟2, 𝑟𝑟3}  is chosen as the output variables while the Q-factor of the resonant mode is 
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the object function106. Each step of the hill-climbing algorithm for optimizing the Q-
factor of resonance is: 
(1) The first step is to assign a random value {89, 85, 90} (units of nanometer) to 
each variable, so the corresponding Q-factor of the second TE mode is 
calculated by FDTD;  
(2) The possible values around  𝑟𝑟1 are searched and the Q-factor of the second TE 
mode obtained in each case.  The local maximum among the Q-factors is filtered 
out and 𝑟𝑟1 is updated to be 88 nm. The results are displayed in Fig. 4.1-(b);  
(3) The possible values around  𝑟𝑟2 are searched and the Q-factor obtained as well. 
Finding out the local maximum among the Q-factors and changing 𝑟𝑟2 to be 83 
nm accordingly. The results are displayed in Fig. 4.1-(c); 
(4) The possible values around  𝑟𝑟3 are searched meanwhile 𝑟𝑟1 = 88 nm and   𝑟𝑟2 =83 nm. The corresponding 𝑟𝑟3 value of the largest Q-factor is chosen amongst 
all the possible solutions. 𝑟𝑟3 is set to be 94 nm; The results are displayed in Fig. 
4.1-(d); 
After 34 iterations, the optimized radius of the first three holes is solved as  𝜐𝜐� ={88,83,94} . Eventually, the Q-factors of the first-order, the second-order and the 
fourth-order of TE modes are optimized to be 2.74×106, 2.85×105 and 2.33×104 
respectively. Since the other Bragg mirrors still follow the linear filling fractions 
decided by the deterministic method, all the dimensions of the total 40 Bragg mirrors 





Fig. 4.1. (a) Schematic view of the symmetry cavity design; optimization process of 
determining the radius of (b) r1; (c) r2; (d) r3 ; (e) each radius of all the 40 Bragg mirrors of the 
split-beam cavity (from the center to the end). 
The device is tested on the fiber-based experimental setup which schematic drawing is 
depicted in Fig. 4.2. Light from the tunable laser source (ANDO AQ4321D) is used as 
the probe light to be launched into the cavity. The transverse-electric mode (quasi-TE) 
is selected by adjusting the polarization controllers. Both the Single-Mode-Fiber and 
Multi-Mode-Fiber are separately clamped inside the mechanical chuck with a launch 
angle of 10 degrees to ensure maximum coupling efficiency. Each mechanical chuck is 
mounted onto an X-Y-Z stage for alignment purposes. The output light is acquired by 
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the Optical Spectrum Analyzer (OSA) (ANDO AQ6317C). The TLS and OSA can 
synchronously sweep through the wavelengths ranging from 1520 nm to 1620 nm with 
the smallest sweep interval of 1 pm, implying that the largest Q-factor that can be 
measured is ~106. A DC voltage is applied onto the NEMS comb-drive via the gold 
wires. The device is viewed through a microscope at an angle of 45 degrees to the 
vertical plane. 
 
Fig. 4.2 (a) Fiber-based experimental setup (FPC: Fiber Polarization Controller; DUT: Device 
Under Test; OSA: Optical Spectrum Analyzer); (b) angle view of the PCB, input fiber and 





Fig. 4.3 The SEM images of (a) the fabricated devices in global view; (b) details of the comb 
drive; (c) enlarged view of the nanocavity; (d) enlarged view of the central part of the PhC split-
beam nanocavity. 
The scanning electron microscope (SEM) images of the fabricated device are shown in 
Figs. 4.3-(a) to (d). The movable half beam of the nanocavity is supported by two parts. 
The two parts are identical and strictly symmetrical except that the NEMS comb drive 
of the lower one is a dummy. Each part comprises two sets of folded beams with width 
of 245 nm and length of 15 μm. The gap between adjacent fingers is 200 nm, and the 
overlap between the movable and fixed fingers is 500 nm. This configuration ensures 
that each half of the split-beam nanocavity aligns perfectly with each other. Figure 4.3-
(d) shows the central part of the PhC split-beam nanocavity which has a period of 328 
nm, beam width of 500 nm and total beam length of 24.8 μm. The width of the lateral 
air slot is 77 nm. The radii of the three etching holes are 84 nm, 80 nm and 90 nm, 
respectively. The holes of the Bragg mirrors start from the 5th one which has a radius 
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of 90 nm and linearly tapered at intervals of 2.5 nm.  Some holes at the end of the mirror 
region are shallowly etched due to their relatively small size.  The discrepancies 
between the fabricated dimensions and designed ones are mainly due to fabrication 
imperfections.   
The transmission spectrum of the PhC split-beam nanocavity is displayed in Fig. 4.4-
(a), of which the second and fourth order TE modes are emphasized. Shown in the 
inserts are the simulated mode profile of the two resonant modes from which it is seen 
that both modes symmetrically distribute along the y-axis and have the local minimum 
in the central air slot. Even though the second order TE mode has a much narrow 
linewidth, its transmission is roughly one fifth of the fourth order TE mode. Both modes 
are measured through OSA individually and shown in Figs. 4.4-(b)-(c) and fitted in the 
Lorentz curve. Originally, the second order TE mode has the resonant wavelength of 
1557.59 nm and Q-factor of 17,837. Still, the Q-factor of the second order TE mode is 
the largest Q-factor among the various types of split-beam cavities reported so far65,66,67. 
The resonant wavelength of the fourth order TE mode is 1585.03 nm while the Q-factor 
is 2190.  In comparison with the simulation results, the Q-factors of the two resonant 
modes are one order of magnitude smaller than the simulation results due to fabrication 
non-idealities, such as roughness of the sidewall, undercut of etching process, and 
imperfect circle shapes. The first order TE mode cannot be detected due to the 
resolution limitation of OSA whilst the third order TE mode is submerged in the noise 
floor due to its low transmission.   
When the input laser power is increased from 0.6 mW to 7.8 mW, the typical optical 
bi-stability caused by the thermal-optic effect is observed and the resonance linewidth 




Fig. 4.4 The experimental transmission spectrum of (a) the split-beam cavity in the whole 
measurement range under 0.6 mW input power (inserts are the simulated mode profile of the 
second and 4th TE modes); (b) the second TE mode under 0.6 mW input power individually; (c) 
the 4th TE mode under 0.6 mW input power individually; (d) the second TE mode under 
different input laser power. 
To conclude, a novel one-dimensional PhC split-beam nanocavity utilizing both the 
deterministic method and hill-climbing algorithm is proposed. The geometries of the 
cavity are determined after 34 iterations. The devices are fabricated and characterized. 
Despite the abrupt jump of the refractive index near the air slot, the largest Q-factor of 
the second order TE mode of the optimized device is as high as 1.99×105. This Q-factor 
exceeds the highest values previously achieved in split-beam nanocavities65,66,67. The 
nonlinearity optical bistability is observed as well.  
4.2.2 Design of the Slotted PhC Nanobeam Cavity 
In this section, a novel label-free biosensor in aqueous environments based on the 
slotted PhC nanobeam cavity is described as an evidence of proving the advantage of 
the proposed optimization method. A slot is introduced in the center of the PhC 
nanobeam cavity which reduces the mode volume by an order of 10 without sacrificing 
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the Q-factor and sensitivity. The optimized design can provide a mode volume of sub-
order of (λ/n)3, Q-factor about ~106 and the sensitivity (S) of 464.5 nm/RIU 
simultaneously for refractive index sensing, showing its prominent advantage in single 
nanoparticle detection which the minimum detectable nanoparticle radius is around 1 
nm.  
Optical cavities have prevailed in the field of biosensing, such as label-free refractive 
index sensing, and detection of single nanoparticles, for more than ten years due to the 
pronounced merits of manipulating the light propagation. The sensing fundamental is 
mainly based on the analyte-induced resonant wavelength shift either globally or locally. 
The mode volume (V), sensitivity (S) and minimum detectable particle size are 
principal figures of merit in evaluating optical biosensors.  In order to achieve a large 
sensitivity, the optical resonant field needs to be strongly localized and overlaps with 
the analyte. Therefore, reducing the mode volume is crucial. Minimizing the mode 
volume figures prominently in many applications, including high-density sensing 
arrays46, reducing the molecular detection limits of nano-sensors107, potential sensing 
mechanism based on quantum electrodynamics108 and pushing the detection limit 
towards single atom or molecule level109.  
PhC nanobeam cavities have attracted researchers’ interest worldwide because they 
enable relatively high Q-factor, compactness and unparalleled integration 
compatibility48. Although the PhC nanobeam cavities can achieve a high Q-factor of 
~106, the mode volumes can be as large110 as 2.18 (λ/n)3. By introducing a slot into the 
PhC cavities, the mode volume can be further reduced due to the dielectric 
discontinuity111, thus remedying the disadvantage of this type of photonic cyrstal 
nanobeam cavities. The sensitivity can be further improved as most of optical field 
interacts with the analyte falling inside the slot. Whereas these slotted PhC cavities 
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available so far are degraded for the reason of relatively low sensitivity112 and their 
large footprints113,114.  
Figure 4.5 shows the schematic view of the designed one-dimensional slotted PhC 
nanobeam cavity. The left inset displays its cross-sectional view. The device is based 
on Silicon-On-Insulator wafers where the cavity lies on the SiO2 substrate. The 
background index is set to be 1.33 assuming the sensor works in water while the 
refractive index of silicon and silicon oxide substrate is 3.47 and 1.44 respectively. The 
center free space wavelength is 1550 nm which falls in the C-band. The polarization of 
the incident light is along y-axis which excites the quasi-TE resonant mode. The 
thickness of the device is chosen to be 260 nm. 
 
Fig. 4.5 Schematic of the slotted PhC nanobeam cavity. Inset is the cross-sectional view (not in 
scale) 
The cavity is designed utilizing the combination of the deterministic method and local 
search optimization algorithm which the procedure consists of three phases which is 
elaborated below:  
Firstly, the air-suspended PhC nanobeam cavity without an air-slot and silica substrate 
is designed using the Deterministic method and validated by 3D FDTD simulation 
(Rsoft, Synopsys' Optical Solutions Group). The background refractive index is 
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assumed to be 1.33. The cavity is strictly symmetrical with respect to the y-axis and 40 
Bragg mirrors are placed on each half of the nanobeam. The radius of mirrors, shown 
in Fig. 4.6-(a), changes quadratically from 100 nm to 54 nm after 39 steps and the lattice 
period is 280 nm. The nanobeam is 500 nm wide and 24.2 μm long. The wavelength of 
all the resonant modes ranges from 1500 nm to 1600 nm, assuming the environment is 
water. 
 
Fig. 4.6 (a) Radius; (b) filling factor of each Bragg mirror (center to end) 
Secondly, each Bragg mirror is longitudinally offset by half of the period to make room 
for an inserted air-slot. Moreover, the silica slab is placed beneath the nanobeam cavity 
which serves as the substrate. Adding the air-slot and shifting the Bragg mirrors aside 
causes blue-shift of the resonance while stacking the silica substrate leads to red-shift. 
The whole effect is to maintain the resonance range from 1500 nm to 1600 nm. 
Thirdly, an air-slot is placed in the center of the nanobeam cavity. The width and length 
of the air-slot are finely tuned using the hill-climbing algorithm105  to get the optimized 
Q-factor and mode volume. Therefore, the 2-element vector  υ� = {w, l} is chosen as the 
input variables while the Q-factor of the second order mode is the objective function. 
The detailed steps of hill-climbing algorithm are depicted below:  
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The first iteration assigns an initial value {120,265} (units of nanometer) to each 
variable. This value corresponds to the same filling factor compared with the adjacent 
Bragg mirror (the 1st hole). The Q-factor of the second TE mode is calculated by FDTD;  
The possible values around l are searched and the Q-factor of the second TE mode 
obtained in each case.  The local maximum among the Q-factors is filtered out and l is 
updated to be 205 nm. The results are displayed in Fig. 4.7-(a);  
The possible values around w are searched and the Q-factor calculated as well. Finding 
out the local maximum among the Q-factors and changing w to be 120 nm accordingly. 
The results are shown in Fig. 4.7-(b). 
After 20 iterations, the optimized dimension of the air slot is optimized as {120,205}. 
Eventually, the geometry of the air slot is decided to be 120 nm wide and 205 nm long.  
 
Fig. 4.7 Optimization process of determining the (a) length; (b) width of the inserted air-slot in 
the cavity central region 
The optical properties of the first three resonant modes are summarized in Table 4-1. 
Undoubtedly the 1st order TE mode has the smallest mode volume of 0.076 (λ/n)3. 
Compared to the 1st and 3rd order TE modes, the Q-factor of the second order mode is 
as high as 6.08×106 and this value can be further improved by removing part of the 
substrate beneath the cavity region115,116.  
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Fig. 4.8 The mode profile of the 1st order and second order TE mode (Inset is the color bar of 
the normalized optical field intensity ranging from -1 to 1). 
The mode profile of the second order TE mode is simulated as well. As shown in Fig. 
4.8, the optical resonant field is strongly localized within the 7 µm × 0.5 µm region and 
is strictly symmetrical along the y-axis. Due to the perturbation of the air-slot, the 
central region has non-zero intensity which is distinguished from the normal second 
order resonant mode.   
The second order TE mode has the largest Q-factor of 6.08×106, thus leading to a Q/V 
of 4.94×107 (λ/n)-3 which is an improvement of 21-fold when compared with the result 
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in Ref.116. Therefore, the second order TE mode of the designed slotted PhC nanobeam 
cavity is an excellent candidate for index sensing applications. 
In order to investigate the optical properties of the designed sensor in ambient refractive 
index sensing, the simulation results under different background refractive indices are 
analyzed. As the refractive index (RI) of the ambient environment increases from 1.33 
to 1.331, a linear shift of the first three TE modes towards longer wavelength is clearly 
observed in Fig. 4.9-(a). The total resonant wavelength shift is approximately 0.466 nm. 
The sensitivity (S) of these resonant modes is calculated from the slope shown below 
which is 462.64 nm/RIU, 464.5 nm/RIU and 462.73 nm/RIU, respectively. The 
detection limit of the second order resonant TE mode is approximately 1.51×10-7 RIU 
given the detection limit of 60 fm61.  
 
Fig. 4.9 (a) The offset resonant wavelength shift as the function of increasing ambient refractive 
index. The slope is the sensitivity (S) of the sensor; (b) Transmission spectrum of the slotted 
PhC nanobeam cavity when the ambient refractive index RI=1.33 (water), 1.35, 1.38 (IPA). 
The optical performance of the sensor in various analytes is studied as well. Figure 4.9-
(b) displays the transmission spectrum of the designed slotted nanobeam cavity within 
three typical analytes and each ambient refractive indices (RI) is shown in the inset. 
The sensor is supposed to be completely surrounded by the water /ether/ isopropanol 
(IPA). The relative wavelength shift (∆𝝀𝝀) is 9.26 nm and 23.18 nm correspondingly. 
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The ultra-small mode volume of cavities plays an important role in single nanoparticle 
detection. While the nanoparticle falls in the vicinity of the strongly localized optical 
field, the resonant wavelength undergoes a gentle shift. Based on perturbation theory, 






2∫ 𝜀𝜀|𝐸𝐸|2𝑜𝑜𝑟𝑟 𝑉𝑉𝑝𝑝,                                                 4-1 
where 𝜺𝜺𝒑𝒑is the permittivity of the nanoparticle, 𝜺𝜺𝒔𝒔is the permittivity of the surrounding 
environment, 𝑽𝑽𝒑𝒑  is volume of the nanoparticle, 𝑬𝑬𝒑𝒑 is the optical field where 
nanoparticle allocates and ∫ 𝜺𝜺|𝑬𝑬|𝟐𝟐𝒅𝒅𝒅𝒅 is the overall optical energy inside the cavity 
which is proportional to the mode volume.  
From the equation shown above, a larger wavelength shift is generated as long as the 
mode volume is smaller on the condition of the same particle size. The 1st order TE 
mode of the designed sensor has the smallest mode volume of 0.076 (λ/n)3 and even 
that of the second order TE mode is reduced to 5.5% of that reported in118, which proves 
its suitability for single nanoparticle detection. With the aim of studying the sensing 
performance, one typical nanoparticle, streptavidin is served as the target. Its refractive 
index 1.45 and diameter ranges below 6 nm116.  
Figure 4.10 plots the mode profiles of two resonant modes obtained from 3D FDTD 
method inside the air-slot region. For the 1st order TE mode, the maximum points locate 
at each corner of the air-slot while those of the second order TE mode are at the twist 
of the air-slot. The nanoparticle needs to be located at the peak value of the electrical 




Fig. 4.10 The enlarged view of the mode profile inside the air-slot for (a) the 1st order TE mode; 
(b) the second order TE mode 
 
Fig. 4.11 The wavelength shift induced by the nanoparticle ranging from 3 nm to 0 nm (Inset 
is the enlarged view when the particle radius is below 1.5 nm) 
Assuming the radius of nanoparticle scales from 3 nm down to 0 nm and the refractive 
index of the carrying solution is 1.33, the relative resonant wavelength shift is 
calculated and plotted in Fig. 4.11 based on the perturbation theory and mode profile 
simulated from 3D FDTD. Provided the radius of streptavidin is around 2.25 nm, the 
resonant wavelength shift of the 1st order TE mode is approximately of the order of 0.4 
pm which is a 10-fold improvement compared with that of the nanobeam cavity without 
an air-slot61. Given the experimental laser source noise of 60 fm, the corresponding 
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minimum detectable nanoparticle radius is as small as 1.18 nm. Furthermore, the laser 
power instability noise can be experimentally reduced to below 2 fm119,120 which 
provides potential ability of improving the detection limit of the proposed sensor. It is 
concluded that the designed air-slotted PhC nanobeam cavity is extremely sensitive to 
the radius of the nanoparticle. 
Last, the fabrication process of the slotted PhC nanobeam cavity is completely 
compatible with the conventional CMOS integration. Additionally, the device is ultra-
compact since its footprint is 0.5 μm ×24.2 μm and the resonant mode is highly 
localized within the region of 7 µm × 0.5 µm.  The unparalleled integration 
compatibility, ultra-compactness, strongly enhanced light-matter interactions due to the 
high value of Q/V, simultaneously contribute to the high density array of sensors for 
refractive index sensing in aqueous environment and single nanoparticle detection as 
small as 1nm. 
In summary, a novel slotted PhC nanobeam cavity is designed as the biosensor in 
aqueous environments and simulated using the combination of deterministic method 
and hill-climbing algorithm. The second order TE mode has the largest Q-factor of 
6.08×106 and the second smallest mode volume of 0.1231(λ/n)3 at a resonant 
wavelength around 1530 nm, which results in a Q/V of 4.94×107(λ/n)-3. The sensitivity 
(S) and Detection Limit of the second order TE mode are 464.5 nm/RIU and 1.51×10-
7 RIU, respectively. The 1st order TE mode has the smallest mode volume of 0.076 
(λ/n)3 at a resonant wavelength of 1504 nm. The resonant wavelength shift of the 1st 
order TE mode is approximately of the order of 400 fm while the radius of streptavidin 
is around 2.25 nm. Additionally, the minimum detectable radius of the nanoparticle has 
been reduced down to approximately 1 nm.  
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4.3 Tuning Approaches 
Due to the multiple mechanical degrees of freedom of the PhC split-beam nanocavity, 
each split-beam is flexible which allows for various mechanical motions. Devices with 
different NEMS designs are fabricated. The first one is capable of actuating the one 
split-beam in the lateral direction; the second allows for driving one split-beam in the 
longitudinal direction; the third can induce the out-of-plane deformation of the whole 
structure attributed to the electrostatic force. 
4.3.1 Lateral translation of the PhC Split-beam Nanocavity 
The NEMS actuator adopted here is the comb drive which has 22 movable fingers and 
21 fixed fingers. Applying the voltage onto the electrode actuates one beam of the 
nanocavity to move in y-direction, which causes the lateral offset between the two 
mechanically un-coupled cantilever beams. With its aid, the optical performance under 
each lateral offset can be directly measured. The moving distance with the relationship 
with the input voltage is described by the following equation121: 





)                                                  4-2                                                                            
where E is the Young’s Modulus of the single crystalline silicon, m is the number of 
comb drive fingers, 𝜀𝜀 is the permittivity in air, g is the gap between the adjacent fingers, 
w is the width of the folded beam suspension, L is the length of the folded beam 
suspension and Ve is the applied voltage.  
As shown in Fig. 4.12-(a), the largest Q-factor of the second TE mode is up to 1.99×105 
when the lateral offset is 35.5 nm and all the Q-factors are above 1.6×105 which means 
that even 64 nm mechanical motion along the lateral direction can still be precisely 
transduced using optomechanics. It is obvious that the resonant wavelength change is 
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not sensitive to the lateral offset among which the wavelength of the second TE mode 
changes only around 80 pm. This characteristic can be validated by the FDTD 
simulations. As shown in Fig. 4.12-(b), the top panel shows the mode profile of the 
second TE mode when the lateral offset is 100 nm while the bottom panel shows that 
when there is no lateral offset. In the two scenarios, the mode profile maintains quite 
well, inferring that the scattering loss changes very little during the lateral movement. 
              (a) 
                  (b) 
Fig. 4.12 (a) The experimental Q-factor and resonance of the second mode changing with the 
lateral offset; (b) the second order mode profile of the split-beam nanocavity at 100 nm offset 
and 0 nm offset. 
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To summarize, the optical performance of the device with a lateral offset is studied with 
the aid of a NEMS actuator which proves that the Q-factor maintains quite well even 
when the lateral offset between the two beams is up to 64 nm. Potential promising 
applications are foreseen, such as ultra-sensitive optomechanical torque sensor, local 




4.3.2 Longitudinal translation of the PhC Split-beam Nanocavity  
In this section, the tuning of the silicon PhC split-beam nanocavity through its intrinsic 
structural deformation is designed and experimentally characterized. With various 
actuator designs, the NEMS method is capable of driving either in-plane85,88 or out-of-
plane movements87. Additionally, the fabrication of the NEMS structures is compatible 
with complementary metal–oxide–semiconductor process, which can be integrated 
with lasers, modulators and photodetectors. The unique advantage of NEMS tuning is 
the negligible power consumption since the system draws very little power from the 
bias source.  Due to the mechanical flexibility, one split-beam of the nanocavity is 
movable while the other split-beam static. The prevailing NEMS actuator, comb drive, 
is adopted to vary the gap between the two split-beams. Applied the voltage to the 
electrodes, the induced electrostatic force enlarges the gap, resulting in the blue shift of 
the resonant wavelength. 
 
Fig. 4.13. (a) Schematic top view of the designed PhC split-beam nanocavity; mode profile 




The PhC split-beam nanocavity is designed based on the combination of deterministic 
method and local search algorithm, which is reported in this work88. As shown in Fig. 
4.13-(a), the nanocavity is 260 nm thick and 500 nm wide. An 80 nm-wide air gap in 
the cavity center cuts the nanobeam into two halves which are mechanically isolated. 
Symmetrical along y-axis, each half is patterned with 40 air holes with a lattice of 328 
nm. The distance between the central hole (blue color in Fig. 4.13) and the cavity center 
is 260 nm. The first three holes are determined to be 88 nm, 83 nm and 94 nm 
respectively while the radii of the other holes are linearly tapered from 92.5 nm to 2.5 
nm at an interval of 2.5 nm. The light is confined by the Bragg reflection in the x-
direction and the total internal reflection in the other two directions. The cavity figure 
of merit is validated by FDTD simulations using Lumerical, which shows that the 
second order transverse electric (TE) resonant mode is located around 1560 nm with a 
Q-factor of 2.85×105. Figure 4.6-(b) illustrates the mode profile slice of the second 
order TE mode within the region of 1 µm×20 µm. The electrical field of the second 
order TE mode is symmetrically distributed along both y- and x- axes. The mode profile 
slice of the third order TE mode is shown in Fig. 4.13-(c) as well. 
As schematically shown in Fig. 4.14, the right half of the split-beam nanocavity is 
anchored at the interface between the ridge waveguide and air-suspended waveguide 
while the left half is connected with the mechanical structures. Each comb drive is 
supported by springs (folded beam suspensions). All the four sets of comb drives 
together with springs are purposefully symmetrical both in x- and y-directions to reduce 
the misalignment between the movable split-beam and static split-beam. The 
electrostatic force arises from comb drive1 and comb drive3. On the contrary, comb 
drive2 and comb drive4 are dummies. The gap between the two split-beams can be 
enlarged due to the induced actuation force in the –x-axis. The broadband light ranging 
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from 1520 nm to 1620 nm is coupled to the cavity so that the varied gap reflects on the 
output optical spectra.   
 
Fig. 4.14 Schematic of the mechanical structure design. 
 
Figure 4.15 shows the SEM images of the fabricated device. The inevitable 
misalignment between the ridge waveguide and air-suspended waveguide is 180nm 
since they were fabricated in two individual EBL steps. For comb drive1 and comb 
drive3, the interdigital electrodes consist of 28 movable fingers are 27 fixed fingers; the 
gap between the two fingers is 200 nm shown in Fig. 4.15-(b). Comb drive2 and comb 
drive4 only comprise 28 movable fingers. Figure 4. 15-(c) shows that the left split-beam 
of the nanocavity is flexible with two free ends. In Fig. 4.15-(d), the vertical air gap 
inside the cavity center is measured to be 90 nm; the radii of the first three holes are 
inspected to be 85 nm, 80 nm and 90 nm respectively. Two split-beams align quite well: 
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the residual stress was equally released during the HF vapor release process due to the 
symmetrical mechanical design87,88. The period lattice is measured as 328 nm which is 
precisely controlled. Each folded beam suspension is 10 µm long and 350 nm wide; 
therefore, a single set of the folded beam suspensions provides a spring constant k of 
3.56 N/m. The discrepancies between the designed dimensions and actual ones are due 
to fabrication imperfections. 
 
Fig. 4.15. The SEM images of (a) global view of the fabricated device; (b) the comb drive; (c) 
structure attached to the PhC split-beam nanocavity; (d) the PhC split-beam nanocavity (inset 
is the enlarged view of central adjusted three holes and air gap). 
The device is characterized with the same setup, as reported in that Ref.88. Light from 
the single mode fiber is coupled in and out of the device via a pair of grating couplers 
and the output signal is recorded by the optical spectrum analyser. The 20% maximum 
85 
 
coupling efficiency is measured with a sample device including only two grating 
couplers and a short waveguide. Specifically, Figure 4.16-(a) presents the full spectrum 
of the PhC split-beam nanocavity where one resonant mode is available. The second 
order TE resonant mode centers on 1544.48 nm corresponding to a Q-factor of 7,000: 
The FWHM is 0.22 nm. Given the 0.6 mW injected power of the tunable laser source, 
the on-resonance transmission is only around 72 nW: the total power efficiency is 
calculated to be 0.012%. The large power loss is attributed to the following factors: the 
coupling efficiency of the grating couplers, propagation loss in the waveguides, 
insertion loss between the ridge waveguide and air-suspended waveguide, the large 
scattering loss induced by two vertical air gaps of the left split-beam and the cavity loss.   
 
Fig. 4.16. Transmission of (a) the device in full spectrum from 1520 nm to 1620 nm under 7 
mW of the laser input power; (b) the second order TE resonant mode (red line indicates the 
Lorentz fitting result) under 0.6 mW of the laser input power. 
The silicon PhC split-beam nanocavity is characteristic of one more mechanical degree 
of freedom compared with non-split-beam types: the left half of the split-beam can 
individually translate in -x-direction with the aid of NEMS actuators. As voltage is 
applied to the electrodes, the overall electrostatic force generated by comb drive 1 and 
comb drive 2 simultaneously actuates the structure in the –x-axis, which enlarges the 
gap between the two split-beams. Figure 4.17-(a) illustrates the blue-shift of the 
resonant wavelength (Δλ=-0.81 nm) from 1544.48 nm (0 V) to 1544.37 nm (30 V). 
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Nearly four times of the FWHM is induced due to the gap change. The relationship 
between the resonant wavelength and applied voltages is shown in Fig. 4.17-(b) in 
which approximately one FWHM is obtained at 12.5 V. In addition, the relationship 
that Q-factors versus voltages is plotted as well. Throughout the NEMS tuning, the Q-
factors are all above 6,000, implying no obvious Q-factor degradation. Moreover, the 
topmost Q-factor is up to 7,800 (1544.13 nm) with the voltage of 17.5 V. The 
relationship between the vertical air gap and the feeding voltages is also investigated. 
The relationship between the displacement of comb drive and the applied voltage is 










)                                    4-3 
where Fe is the electrostatic force produced by the comb drive 1 and comb drive 2, k is 
the overall spring constant of the structure, E is the Young’s modulus of the silicon, m 
is the number of movable fingers, ε is the permittivity in air, g is the gap between the 
adjacent fingers, V is the applied voltage and w and L are the width and length of the 






Fig. 4.17. (a) Spectra of the second order TE resonant mode under 0 V and 30 V; (b) resonant 
wavelengths and Q-factors versus the applied voltage; (c) the relationship between the applied 
voltage and the vertical air gap. 
To summarize, the nano-electro-mechanical tuning of the silicon PhC split-beam 
nanocavity is designed and experimentally demonstrated in this section. The PhC split-
beam nanocavity features one more mechanical degree of freedom, which can excite its 
intrinsic structural deformation; the central gap of the split-beam nanocavity is enlarged 
due to the electrostatic force induced by the NEMS comb drives. Two comb drives and 
two dummies are symmetrical both in x- and y-axes: this mechanical design guarantees 
perfect alignment between the two split-beams.  
This nanocavity has a second order TE resonant mode of 1544.48 nm corresponding to 
a Q-factor of 7,000. The loss mechanism of the system is elucidated. Actuated by the 
NEMS comb drives, the resonant wavelength is blue-shifted due to the enlarging air 
gap. Nearly four times of the FWMS is achieved at 30 V. During the NEMS tuning, no 
obvious Q-factor degradation is observed while the largest Q-factor is 7,800. The 
relationship between the air gap and the applied voltage is investigated. The quadratic 
curve shows that the maximum air gap is 109 nm at 30 V compared to the original 90 




4.4 Coupled PhC Split-Beam Nanocavities 
The doubly coupled PhC split-beam nanocavities are designed and experimentally 
demonstrated. For demonstration purpose, the oxide layer beneath the coupled 
nanocavities is not removed. The thermal response of the coupled nanocavities is 
characterized by controlling the device temperature and the resonant wavelengths of 
the odd mode (1557.28 nm) and even mode (1567.18 nm) are both redshifted linearly 
from 17.4°C to 46.5°C. The tuning ratio of the two modes is measured to be 97.4% 
implying that they respond almost the same to temperature changes. Therefore, changes 
of the wavelength difference between this pair of modes can be applied to effectively 
decouple the thermo-optic effect from the optomechanical effect without on-chip 
temperature self-referencing. Additionally, the topmost quality-factor approaches 
28,300 throughout the thermal tuning. The proposed structure paves the way for 
studying purely optomechanical actuations. 
 
4.4.1 Results and Discussion 
 
As generally known, silicon nanophotonics devices suffer from two-photon absorption 
(TPA) induced thermo-optic (TO) effect of silicon around 1.55 µm due to unwanted 
temperature sensitivity; the thermo-optic coefficient of silicon (1.86×10-4 K-1)122 is one 
order of magnitude larger than other transparent materials, such as silicon oxide 
(1.5×10-5 K-1)122, silicon nitride(4×10-5 K-1)122 and  silicon carbon ( 3.87×10-5 K-1)123. 
The intrinsic large thermo-optic coefficient of silicon blemishes the performances of 
devices especially in resonator-based configurations which are widely adopted in 
optomechanical systems.  P. B. Deotare et al. have demonstrated that the thermo-optic 
effect takes up nearly 80% of the overal wavelength detuning which is four times larger 
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than the optomechanical (OM) effect52. Since OM effect is always accompanied by TO 
effect, two main methods of doubly coupled PhC nanobeam cavities have been 
proposed to decouple these two effects73,52. Different from the single nanobeam cavities, 
the doubly coupled nanocavities give rise to pairs of even and odd states which have 
opposite mode distributions 51,124. The even resonant mode is sensitive to both OM and 
TO effects while the odd resonant mode is only sensitive to TO effect which can be 
used as the on-chip temperature self-reference. By exciting the odd mode, the even 
mode respectively and the combination of the odd and even modes, the individual OM 
and TO effects can be derived from the three scenarios73,52. Although the two methods 
are both capable of decoupling OM effect from the overall wavelength detuning, the 
procedures are however cumbersome and tedious. 
Herein, doubly coupled PhC split-beam nanocavities are proposed, which potentially 
have two more mechanical degrees of freedom, thereby boosting diverse 
optomechanical phenomena. The experimental Q-factor of the quasi-TE second order 
odd resonant mode is 22,200 which is even larger than that of the single split-beam 
nanocavity88. The thermo-response of the coupled system is also characterized to 
validate the simple method of decoupling TO effect. Instead of focusing the single even 
or odd mode, this pair of modes are treated as a whole by studying the wavelength 
difference between the two modes at various temperatures. Experimental results 
demonstrate that the wavelength difference between the even and odd modes remains 
nearly unchanged throughout thermal tuning, which indicates that thermo-optic effects 
of the two modes can cancel each other directly. The wavelength shift caused by OM 
effect of the optomechanically actuated doubly coupled PhC split-beam nanocavities 
can be extracted immediately from changes of the wavelength difference between this 
pair of odd and even modes at various pumping powers since the two modes response 
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almost the same to the ambient temperature changes caused by densely confined optical 
fields. This study paves the way for decoupling OM effect from TO effect in 
optomechanical systems based on the doubly coupled PhC split-beam nanocavities. 
 
Fig. 4.18 (a) Schematic view of the working mechanism; (b) enlarged view of the insert dot 
square (the cavity is not in scale). 
The cavity design follows the method proposed in the Ref.88 to achieve a high Q-factor, 
i.e. a combination of the deterministic method and local search algorithm. Figure 4.18 
shows the top view of the designed doubly coupled PhC split-beam nanocavities. Two 
identical nanocavities are laterally separated by a 120 nm wide air slot; each one is 
manually terminated in the cavity centre and symmetrical along y-axis and the vertical 
air gap between the two split-beams is 80 nm. The nanocavities are formed by 
patterning 40 air holes with a lattice of 328 nm on each split-beam. The radii of the first 
three holes are 88 nm, 83 nm and 95 nm respectively. From the 4th to the 40th hole, the 
radius of each hole is linearly decreased from 92.5 nm to 2.5 nm at an interval of 2.5 
nm considering the resolution of the Electron Beam lithography (ELS-7000, Elionix 





Fig. 4.19 Simulated electric field component Ey of (a) the TE second-order odd mode; (b) the 
TE second-order even mode (Two pictures were not drawn to scale and only part of the split-
beams are shown for a better view). 
The optical properties of the doubly coupled PhC split-beam nanocavities are 
characterized using FDTD software (Lumerical Solutions, Inc.). Symmetry conditions 
are adopted to reduce the computational time due to the relatively large simulation 
domain. The electrical field component Ey of the TE second order even resonant mode 
and odd resonant mode are illustrated in Figs. 4.19-(a) and (b). For both modes, the 
electric fields are densely localized within a small region; with the minimum of the 
electrical fields both located in the vertical air gap due to the symmetrical distribution 
along y-axis.  Different from the TE second-order even mode, the electric field of the 
odd mode inside the lateral air slot vanishes since the electric field of each individual 
nanocavity cancels each other. Simulation results demonstrate that the TE second-order 
odd (even) mode has a resonant wavelength of 1548.56nm (1556.84nm) and a Q-factor 
of 444,389 (146,363). 
Figures 4.20-(a)-(d) show the scanning electron microscope (SEM) images of the 
fabricated device. Light from the single mode fibre (SMF) is coupled in and out of the 
chip via a pair of grating couplers (12 µm×12 µm) emphasized in Fig. 4.20-(b). To 
achieve a high transmission inside the strip waveguide, its width is linearly tapered 
from 12 µm down to 500 nm after a 395 µm propagation distance, allowing for the 
smoothly adiabatic mode conversion. To increase the coupling efficiency, the etch 
depth of the grating couplers is 80 nm, that is why grating patterns are blurry in Fig. 
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4.20-(b). An enlarged view of the cavity centre (Fig. 4.20-(c)) exhibits one vertical air 
gap and a longitudinal air slot so that four split-beams are mechanically isolated; the 
inset figure shows that radii of the first three holes in the cavity centre are varied 
carefully. The air gap is measured to be 85 nm while the width of the air slot was 120 
nm. Additionally, the radii of the three holes are 84 nm, 80 nm and 89 nm respectively. 
The discrepancies between the designed and actual dimensions stemmed from the 
fabrication irregularities and imperfections. The nonparalleled surface profiles shown 
in Fig. 4.20-(d) were fabricated to avoid Fabry–Pérot fringes from the reflections of the 
facets occurring in the measurement.  
 
Fig. 4.20 SEM images of (a) global view of the coupled cavities; (b) the grating coupler; (c) 
central region of the doubly coupled PhC split-beam nanocavities (inset is the enlarged view of 
the three finely adjusted holes of the cavities’ centre); (d) unparalleled facets of the cavity end. 
To characterize optical properties and thermal-optic response of the coupled 
nanocavities, the experimental platform is shown in Fig. 4.21. Light from a tunable 
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laser source (Agilent 81600B-160) is passed through a Fibre Polarization Controller, 
propagated in the SMF and coupled in the chip. The output light is collected in the 
Multi-Mode Fibre and fed into the embedded photo-detector (Agilent 81600B-160). 
The tunable laser source and the embedded photodetector can sweep synchronously 
from 1495 nm to 1640 nm at the smallest interval of 0.01 nm. Both fibres are mounted 
on the X-Y-Z stages which are electrically controlled by the Labview software. The 
chip is mounted on the Thermo Electric Cooler (TEC 1-12701); the temperature is 
measured by a thermocouple which is fed back to the laser diode temperature controller 
(ILX LDC-3700C) for temperature control. Each contacting area is pasted with 
thermally conductive silicone adhesive to reduce the heat dissipation.  
 
Fig. 4.21 The schematic drawing of the experimental setup: PD (photodetector), FPC (Fibre 
Polarization Controller), DUT (Device Under Testing) and TEC (Thermo Electric Cooler). 
Figure 4.22 shows the individual transmission spectra of the TE second-order odd and 
even modes under the 1mW tunable laser source power at the room temperature of 22°C.  
Only TE polarized modes exist throughout the experiment since TM modes are filtered 
in the grating couplers. The TE second-order odd mode falls at the wavelength of 
1557.28 nm and features a Q-factor of 22,200 when fitted using the equation proposed 
in the Ref.125, while the TE second-order even mode is around1567.18 nm with a Q-
factor of 15,700. During the experiment, the positions of the input and output fibres are 
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varied to maximize the overall transmission, which causes the Fano lineshapes126,127. 
When compared with the result in the Ref.88, the Q-factor of the TE second-order odd 
mode is larger than that of the single cavity. For conventional PhC nanocavities, light 
is confined based on Bragg reflection in the periodic plane and total internal reflection 
(TIR) in the third direction. With the substrate, the index contrast between the device 
layer (Si) and the surrounding layer (SiO2) is lower than the Si-Air interface. The optical 
field penetrates more into the SiO2 layer, which degrades the Q-factor to some extent. 
It is foreseen that the Q-factor of the doubly coupled PhC nanobeam cavities could be 
even larger if the sacrificial SiO2 layer is removed through hydrogen fluoride/buffered 
hydrogen fluoride release process. 
The coupling efficiency of the grating coupler is measured in the same single 
waveguide with only two grating couplers on each end, which corresponds to a total 4% 
transmission. Additionally, the on-resonance transmission of the odd mode is only 
0.04%: except for the 4% coupling loss induced by grating couplers, the other factors 
contribute to the remaining 1% transmission, i.e., propagation loss in the waveguide, 
reflection of the air gaps in the cavity centre, the cavity coupling loss and additional 
loss in the two drop ports.  
 
Fig. 4.22 The measured transmission spectrum and fitting curve of (a) the TE second-order odd 




Fig. 4.23 (a) The spectra of the coupled PhC split-beam nanocavities at temperatures: 22°C and 
32.8°C; (b) the wavelength shift of the odd mode, even mode over temperature changes; 
wavelength difference of the even and odd mode over temperature changes;(c) Q-factors of the 
odd and even mode over temperature changes; (d) the simulated wavelength shifts of both the 
odd mode and the even mode versus temperature changes. 
The device is heated up using TEC with its temperature precisely controlled by the laser 
diode temperature controller. Figure 4.23-(a) demonstrates the spectra of the coupled 
PhC split-beam nanocavities under 22°C and 32.8°C, respectively. Due to the thermo-
optic effect, the resonant wavelengths of both the odd and the even modes are red-
shifted. Temperature-dependent resonant wavelength shift from 17.4°C to 46.5°C is 
shown in Fig. 4.23-(b), which indicates a linear relationship. Subsequently, the rates of 
shift in the resonant wavelength (nm) per Celsius degree (°C) for the odd mode and the 
even mode are fitted as 0.114 nm/°C and 0.111 nm/°C. Therefore, the experimental 
value of the tuning ratio of the even mode to the odd mode is estimated to be 97.4%, 
which indicates that the two modes response almost the same to temperature changes. 
Furthermore, the wavelength difference between the two resonant modes over the 
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temperature range is plotted in Fig. 4.23–(b) as well. As predicted, the wavelength 
difference between this pair of resonant modes remains around 10nm since its thermal 
tuning ratio is nearly 100%. Even though the thermal tuning ratio is obtained from the 
coupled cavities with the substrate, it is applicable to the air-suspended coupled cavities 
where resonant modes are more densely confined. The 3D FDTD simulations of the 
air-suspended structure are performed to demonstrate the hypothesis and summarized 
the result in Fig. 4.23-(d).  
Since the thermo-optic coefficient of silicon is 1.86×10-4 K-1, the refractive index of Si 
at different temperatures can be estimated and set subsequently in Lumerical. The 
simulated relationship between the odd (even) mode and the temperature is plotted. 
Therefore, the corresponding rates of shift for the odd and even modes are calculated 
as 0.121 nm/°C and 0.119 nm/°C, respectively; the simulated thermal tuning ratio is 
nearly 100% as well. The simulation results are summarized in Fig. 4.23-(d). 
One scenario is proposed in which this scheme can be exploited to decouple the thermo-
optic effect of the optomechanical system based on air-suspended doubly coupled PhC 
split-beam nanocavities. Before the optical force actuation, the resonant wavelengths 
of the coupled nanocavities, λ𝑜𝑜𝑜𝑜𝑜𝑜𝐵𝐵  and λ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐵𝐵 , remain unchanged. While both odd and 
even resonant modes are excited generating pairs of attractive and repulsive optical 
forces, the induced overall OM effect and TO effect contribute to the wavelength 
detunings of this pair of resonant modes denoted as λ𝑜𝑜𝑜𝑜𝑜𝑜𝐴𝐴  and λ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐴𝐴 . To decouple the 
OM effect from the TO effect, the following Eqs. (4-4)- (4-7) are applied: 
97.4%TO TO TOeven odd oddλ λ λ∆ = ∆ ≈ ∆ ,                                                      4-4 
B TO OM A
odd odd odd oddλ λ λ λ+ ∆ + ∆ = ,                                                      4-5 
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B TO OM A
even even even evenλ λ λ λ+ ∆ + ∆ = ,                                                      4-6 
( ) ( ) 2.6%OM OM A A B B TOeven odd even odd even odd odd
A B
λ λ λ λ λ λ λ
λ λ
∆ −∆ = − − − − ∆ ⇒
≈ ∆ −∆
,                           4-7 
where Δλ𝑇𝑇𝑂𝑂 is the wavelength detuning caused by TO effect, and Δλ𝑜𝑜𝑜𝑜𝑜𝑜𝑂𝑂𝑀𝑀  (Δλ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑂𝑂𝑀𝑀 ) is the 
OM effect induced wavelength detunings of the odd (even) mode. From the equation 
4-6, the overall wavelength shift caused by OM effect (Δλ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑂𝑂𝑀𝑀 − Δλ𝑜𝑜𝑜𝑜𝑜𝑜𝑂𝑂𝑀𝑀 ) approximately 
equals (Δλ𝐴𝐴 − Δλ𝐵𝐵) . The physical meaning of (Δλ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑂𝑂𝑀𝑀 − Δλ𝑜𝑜𝑜𝑜𝑜𝑜𝑂𝑂𝑀𝑀 )  is the absolute 
wavelength detuning caused by the combination of the attractive optical force (the even 
mode) and the repulsive optical force (the odd mode) because the signs of the two types 
of optical forces are opposite. Furthermore, the repulsive force induced by the odd mode 
is estimated to be orders of magnitude smaller than the attractive force induced by the 
even mode, implying that Δλ𝑜𝑜𝑜𝑜𝑜𝑜𝑂𝑂𝑀𝑀  negligible52. By varying the laser injection power, the 
relationship between the wavelength detuning by purely OM effect and the injection 
power can be obtained. Therefore, the optomechanical wavelength shift can be easily 
derived from the changes of wavelength difference of two resonant modes without on-
chip temperature self-referencing. The proposed decoupling method is not applicable 
for single nanobeam cavities as they feature several individual resonant optical modes 
which behave the same manner regardless of TO effect or OM effect.  
Throughout the thermal tuning process, the Q-factors of resonant modes are also altered. 
The Q-factors of the even mode at various temperatures all exceed 6,500 while the 
largest value is 17,000. In contrast, the Q-factors of the odd mode are above 17,300 




In summary, the doubly coupled PhC split-beam nanocavities are designed and 
demonstrated, which potentially have two more mechanical degrees of freedom. The 
optical properties are characterized in room temperature: the TE second-order odd 
mode falls at the wavelength of 1557.28 nm and features a Q-factor of 22,200 while the 
TE second-order even mode is around1567.18 nm with a Q-factor of 15,700. The Q-
factor of the TE second-order odd mode is even larger than that of the single cavity99. 
The thermal response of the coupled nanocavities are investigated by precisely 
controlling their temperature via the laser diode temperature controller. Due to thermo-
optic effect, the resonant wavelength of both the odd and even modes are red-shifted 
accordingly from 17.4 °C to 46.5 °C. The rates of shift in the resonant wavelength (nm) 
per Celsius degree (°C) for the odd mode and the even mode are fitted as 0.114 nm/°C 
and 0.111 nm/°C correspondingly. Therefore, the experimental value of the tuning ratio 
of the even mode to the odd mode is estimated to be 97.4%, which implies that these 
two mode responses are almost the same regardless of temperature changes. The 
wavelength difference between this pair of resonant modes remains around 10 nm, 
which can be used to decouple TO effect from OM effect. One scenario of the 
decoupling process is elucidated above which is simple and straightforward without the 
on-chip temperature self-referencing. It is noteworthy that the topmost Q-factor of the 
TE second-order odd mode is around 28,300 throughout the thermal tuning procedure. 
The unique potentially mechanical flexibility of the doubly coupled PhC split-beam 
nanocavities and effective means of decoupling OM effect from TO effect paves the 






This chapter explores the design method and applications of PhC split-beam 
nanocavities. 
In section 4.2, the procedure of designing high Q-factor PhC split-beam nanocavity is 
elucidated. The combination of the deterministic method and local search algorithm 
results in the split-beam nanocavity with an experimental Q-factor up to 19,900. 
Another application of this designing method is also described- the slotted PhC 
nanobeam cavity. The optimized design is beneficial for biosensing due to its ultrahigh 
Q-factor and ultra-small mode volume. Based on the simulation results, the minimum 
detectable radius of the nanoparticle has been reduced to approximately 1 nm. 
In section 4.3, various NEMS tuning mechanisms are exploited to fully utilize the 
advantage of split-beam nanocavities. First, the lateral movement was applied. The 
largest Q-factor of the second TE mode is up to 1.99×105 when the lateral offset is 35.5 
nm and all the Q-factors are above 1.6×105, which means that even the 64 nm 
mechanical motion along the lateral direction still can be precisely transduced using 
optomechanics. Second, another device is fabricated where the central gap of the split-
beam nanocavity can be enlarged due to the electrostatic force induced by the NEMS 
comb drives. The overall 0.81 nm resonant wavelength shift is demonstrated when the 
gap is enlarged by 19 nm.  
In section 4.4, the doubly coupled PhC split-beam nanocavities are proposed to mitigate 
the ubiquitous thermo-optic effect which is always coupled with optomechnical effect. 
The experimental value of the tuning ratio of the even mode to the odd mode is 
estimated to be 97.4% which implies that these two mode responses are almost the same 
for the same temperature changes. The wavelength shift caused by OM effect of the 
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optomechanically actuated doubly coupled PhC split-beam nanocavities can be 
extracted from changes in the wavelength difference between this pair of odd and even 
modes at various pumping powers since the two mode responses to the ambient 
temperature changes are almost the same. This study paves the way for decoupling OM 






Chapter 5 Tuning Fano Resonance in PhC 
Nanobeam Cavities 
Fano resonance, a typical interference phenomenon in quantum mechanics, arises from 
the interference between discrete localized state and continuum state which yields an 
asymmetric lineshape and reduces the linewidth of the resonance. Since Ugo Fano 
discovered this new type of resonance in 1961128, Fano effects have been widely 
observed in various physical settings, for instance, plasmonic nanostructures129,130, 
metamaterials131, semiconductor nanostructures132,133, and silicon 
devices101,134,135,136,137, 138.   
However, effective real-time tuning of Fano resonance especially in silicon photonic 
structures is still missing in the literature, which hinders its practical applications. 
Nowadays, most of the Fano configurations are characterized by the fact that the 
coupling between two interfering channels is naturally fixed136,137,101,138,139. In order to 
tune their Fano resonances, a number of devices with variable geometries have to be 
fabricated at one time136,101,139.  Other tuning methods have also been demonstrated 
such as controlling the distance between the two cavities using a translation stage in the 
free space138, phase change induced by varying the excitation fibre positions126, free-
carrier-induced nonlinearity by additional fibre port of launching pump light126, local 
temperature modulation140, etc. The previously mentioned methods above all lack the 
in-situ tuning flexibility and integration capability.  
Herein, two platforms are proposed and integrated with NEMS in the following two 
sections. In section 5.1, this platform is composed of one PhC nanobeam cavity and one 
waveguide Fabry–Pérot cavity. This doubly coupled configuration follows the two 
interfering convention, resembling that in section 3.3. The waveguide Fabry–Pérot 
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cavity is fixed while the PhC nanobeam cavity is attached with a bidirectional NEMS 
actuator. Fano resonance can be tuned via NEMS through the coupling condition. In 
section 5.2, a more compact design based on the PhC split-beam nanocavity is proposed 
and experimentally demonstrated. The optical resonant mode and the leaky waveguide 
mode of this split-beam nanocavity constitute the two interfering channels within itself. 
The out-of-plane electrostatic force between the silicon device layer and the silicon 
substrate can be induced to cause the out-of-plane deformation. Therefore, Fano 
resonance is blueshifted accordingly.  
Compared with micro-heater technology141, the NEMS tuning 73,142 not only responses 
faster but also is energy-efficient and less bulky. The NEMS actuator is applied to tune 
the Fano resonance seamlessly through in-plane reconfigurations. This platform further 
opens up opportunities for promising applications of exploiting the Fano effect 
including increase of the sensitivity of sensors, optomechanics, reconfigurable optical 
filters, low-power-consumption switches, on-chip intensity modulators, etc.  
 
5.1 Coupled Fabry–Pérot Cavity and PhC Nanobeam 
Cavities 
Similar to the doubly coupled PhC nanobeam cavities described in section 3.3, one of 
the PhC nanobeam cavities is replaced with the low Q-factor waveguide Fabry–Pérot 
cavity101 to construct the Fano lineshape. Unlike the two-dimensional PhC slab (2D-
PhCS)137 and vertically coupled 2D-PhCS136,139, the PhC nanobeam cavities are 
fabricated in a single device layer, which requires much smaller footprints and shows 
great advantages in large-scale integrations. The Q-factor of the PhC nanobeam cavities 
can be up to 107 theoretically48, which is capable of greatly enhancing the Q-factor of 
the Fano resonance reported by Ping Yu et al101. Additionally, the NEMS is combined 
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with this Fano platform due to its in-situ tuning capability and compatibility with 
CMOS integration.   
5.1.1 Design Principle 
Figures 5.1-(a) to (d) show the summarized SEM images of the fabricated device of 
which dimensions are inspected accordingly. The whole structure comprises four sets 
of folded beam suspensions, a bidirectional comb drive, and two nanobeam cavities. 
The folded beam emphasized in Fig. 5.1-(b) is 14 µm long and 160 nm wide, which 
supports the whole device and provides a mechanical restoring force during actuation. 
One nanobeam is patterned with a series of air holes that constitutes the PhC nanobeam 
cavity designed according to the deterministic method 72. This cavity has a width of 720 
nm and lattice period of 300 nm. The radii of the air holes are quadratically tapered 
from 100 nm to 20 nm after 39 periods. The other nanobeam has two air holes in the 
centre exhibited in the inset of Fig. 5.1-(c). Without the two air holes, it is nothing more 
than a waveguide side-coupled to the PhC nanobeam cavity. With the holes, a 
waveguide Fabry–Pérot cavity is established in the centre of the air-suspended 
waveguide, which is 720 nm wide as well. Both holes have a diameter of 190 nm and 
are separated by 650 nm. The waveguide Fabry–Pérot cavity is fixed while the PhC 
nanobeam cavity is attached to the bidirectional comb drive, a prevailing NEMS 
actuator, which can induce bidirectional translations with a high displacement 
resolution. The NEMS comb drive has a total of 42 movable fingers interdigitated with 
44 fixed fingers on both sides. Each finger is 180 nm wide while fingers have a 480 nm 
overlap and a gap spacing of 180 nm. The gap between the two nanobeams is 110 nm. 
When Actuator 1 is driven with a voltage, the gap between the two cavities is reduced. 
On the contrary, the gap is enlarged when Actuator 2 is actuated. The gap remains 




Fig. 5.1 SEM images of (a) global view of the device; (b) enlarged view of folded beam 
suspensions;(c) waveguide Fabry–Pérot cavity coupled with PhC nanobeam cavity (inset is 
enlarged view of the Fabry–Pérot cavity); (d) half of the bidirectional comb drive. 
5.1.2Characterization 
The transmission of this system has been well validated by the transfer matrix 
method101,143. Therefore, the amplitude transmissivity 𝑡𝑡𝑠𝑠 is calculated in the following: 
ts = �1−r2�e2iδ(Δω+iγ0)e4iδr2(Δω+iγ0−iγ)+2e2iδ(iγ)r−Δω−iγ0−iγ ,                             5-1 
where r is the reflection coefficient of the reflecting element which constitutes the 
Fabry–Pérot cavity, 𝛿𝛿 is the phase shift, 𝑙𝑙 is half the distance between the two reflecting 
elements,  𝛾𝛾 and 𝛾𝛾0 are decay rates of the nanobeam cavity into the waveguide and the 
radiation loss respectively and Δ𝜔𝜔 = 𝜔𝜔 − 𝜔𝜔0 is the detuning frequency. To study how 
the coupling strength between the Fabry–Pérot cavity and nanobeam cavity affects the 
transmission, the assumptions are made:  𝛿𝛿 = 1.49𝜋𝜋 , 𝛾𝛾0 = 10−7(𝜋𝜋𝑐𝑐/𝑙𝑙) , 𝑙𝑙 =
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650 𝑛𝑛𝑚𝑚 and 𝑟𝑟 = 0.5, then the decay rate into the waveguide 𝛾𝛾 is varied. Shown in Fig. 
3.21-(a), the transmission spectra ( |𝑡𝑡𝑠𝑠|2 ) with 𝛾𝛾  varying from 10−6(𝜋𝜋𝑐𝑐/𝑙𝑙)  to 10−5.2(𝜋𝜋𝑐𝑐/𝑙𝑙) is plotted. The spectra show the asymmetric lineshape in which the dip 
frequency of the Fano resonance (𝜔𝜔0) remains unchanged. In contrast, the intensity at 
the peak varies dramatically, which is important for the current device. Since 𝛾𝛾 can be 
controlled via the gap change with the aid of NEMS actuators, the Fano resonance 
lineshape can be effectively tuned. When the voltage is applied to one of the NEMS 
comb drives, the device is actuated by the excited electrostatic force from the comb 
drive and its magnitude can be precisely calculated using the formula121 below: 
𝐹𝐹𝑒𝑒 = 𝑚𝑚𝜀𝜀𝑇𝑇𝑉𝑉𝑒𝑒2𝐺𝐺                                                        5-2 
where m is the number of moveable fingers of comb drive, ε is the permittivity in air, 
Ve is the applied voltage, T and G are the device thickness and the gap between 
neighbouring fingers respectively. The device maintains in the equilibrium state when 
the induced electrostatic force equals the mechanical restoring force. The induced 
displacement can be obtained by measuring the dimensions of the device under SEM 
and subsequently importing them into the FEM tool for simulation. Initially, the gap 
between the waveguide cavity and PhC nanobeam cavity is measured to be 110 nm. 
The relationship showing the gap varies with the applied voltage at an interval of 2.5 V 




Fig. 5.2. (a) Comparison of the spectra under varied 𝜸𝜸 (decay rate into the waveguide); (b) The 
relation between the gap and the applied voltage; (c) FEM simulation result when the structure 
is applied with a force of 10 nN. 
The device is tested using the experimental setup reported in Ref.88 where light is 
coupled in and out of the nanophotonic device via the pair of grating couplers.  The 
asymmetric lineshape of Fano resonance highlighted in Fig. 5.3 appears due to the 
intersection of the two interfering channels: one is the broad background of the 
waveguide Fabry–Pérot cavity and the other is narrow 3rd order resonant TE mode of 
the PhC nanobeam cavity. The linewidth of Fano resonance is denoted by (𝜔𝜔𝑇𝑇 − 𝜔𝜔0) . 
This Fano lineshape is fitted using the formula reported in Ref.125 and a linewidth of 
6.9 GHz is obtained which corresponds to a Q-factor of 28,115. Compared to the similar 
configuration reported in Ref.101, the measured Q-factor of Fano resonance is 
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dramatically improved by 14-fold. In the following discussion, the peak intensity of 
Fano resonance is denoted as  𝑇𝑇(𝜔𝜔𝑇𝑇) and the dip intensity at the resonant frequency 
as 𝑇𝑇(𝜔𝜔0), as shown in Fig. 5.3.  
 
Fig. 5.3.  Zoom-in transmission of the Fano resonance under 1mW input power. 
As mentioned above, the Fano lineshape is determined by the parameters: 𝛿𝛿, 𝛾𝛾, 𝛾𝛾0 and 
r encapsulated in the above equation, where 𝛿𝛿, 𝛾𝛾0 and r are fixed once the device is 
fabricated. Both NEMS comb drive actuators serve the indispensable roles in 
modulating the Fano resonance by perturbing 𝛾𝛾. The input power from the laser remains 
1mW throughout the experiments. The results are plotted in Fig. 5.4-(a). The peak 
transmission intensity of the Fano resonance at the initial state is about 100 nW and the 
dip intensity is about 2 nW. The dip intensity drops to 0.95 nW due to reduction of 𝛾𝛾 
when Actuator 2 is actuated with 20 V. On the contrary, the peak intensity elevates in 
response to the increasing coupling efficiency (𝛾𝛾 ) between the two cavities when 
Actuator1 is actuated alone. Obviously, the intensity of the peak grows much more 
rapidly than that of the dip, which agrees well with the theoretical results. The 
maximum peak intensity is over 400 nW when the actuation voltage is around 20 V. 
Additionally, no obvious resonance spectral shift (𝜔𝜔0 ) of this Fano resonance is 
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observed due to the fact that the perturbation of 𝛾𝛾 affects little to the resonance during 
the actuation process.  
 
Fig. 5.4. (a) Transmission changes of the Fano resonance actuated by two actuators under 
different voltages; (b) Intensities of peak and dip of the Fano resonance change under different 
gaps; (c) Linewidths of the Fano resonance change under different gaps 
The measured peak and dip intensities of Fano resonance versus the gap change 
between the two nanobeam cavities are summarized in Fig. 5.4-(b). The maximum 
voltage applied to the actuators is limited to 20 V which is below the point of 
irreversible pull-in of the two nanobeam cavities. An approximately 7-fold increase of 
the peak intensity is obtained from the smallest value of 59.95 nW to the largest value 
of 409.2 nW, while the greatest dip intensity is 18.14 nW which is about 19 times the 
original value of 0.95 nW. Consequently, the extinction ratio (ER) of the measured 
spectra is calculated among which the highest and lowest ER is around 17.9 dB and 
13.5 dB, respectively. Figure 5.4-(c) shows the changes of the linewidth and Q-factor 
with the gap. During the NEMS actuation, the linewidth of Fano resonance ranges from 
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5.95 GHz to 8.4 GHz with a small deviation. It is also worth mentioning that the largest 
Q-factor is up to 32,554, providing a smallest linewidth of 5.9 GHz.  
To summarize, the tuning of the asymmetric Fano lineshape using pair of NEMS 
actuators is proposed and experimentally demonstrated. Fano resonance is acquired due 
to the intersection of the broad band of the Fabry–Pérot cavity and the densely-localized 
resonant mode of the PhC nanobeam cavity. Initially the measured Q-factor of the 
asymmetric Fano resonance is 28,115.  Additionally, the transmission of Fano 
resonance can be tuned in two directions with the integrated bidirectional NEMS 
actuator. The gap between the two nanobeam cavities can be either shrunk or enlarged 
by actuating Actuator 1 or Actuator 2 respectively. The peak intensity level of Fano 
resonance can be increased by 8.5 dB from a value of 59.95 nW to a final value of 409.2 
nW. Furthermore, the corresponding dip intensity level presents the increment by 12.8 
dB. Simultaneously the ER of the measured Fano spectra ranges from 13.5 dB to 17.9 
dB respectively. It is also noteworthy that the topmost of the Q-factor of Fano resonance 
approaches 32,554 with the smallest linewidth of 5.9 GHz throughout the tuning range. 
Promising applications are foreseen by employing this unique platform including 
enhancement of the sensitivity for sensing, optomechanics, reconfigurable optical 





5.2 Intrinsic PhC Split-beam Nanocavity 
Two interfering channels are essential for Fano resonance, however, these two can be 
grouped into one physical structure, allowing for a more succinct design.  This section 
describes a compact Fano resonance construction, consisting of the second-order quasi-
TE resonant mode and the leaky high-order quasi-TE propagation mode of the PhC 
split-beam nanocavity. Due to the feasibility of NEMS mechanism, the out-of-plane 
deformation of Fano resonance through electrostatic force actuation can be induced. 
The maximum central wavelength shift of the Fano resonance reached 116.69 pm which 
is more than 4.5 times the original quasi-FWHM.  The use of Fano resonance as a means 
to improve the Q-factor of PhC split-beam nanocavities is proposed and experimentally 
demonstrated. Compared with a similar PhC split-beam nanocavity without the 
asymmetric Fano lineshape, the Q-factor is increased up to 3-fold: from 1.99×104 
to 5.95×104.  
5.2.1 Design Principle 
Since Fano resonances are controllable and sensitive, various mechanisms are utilized 
to tune them, as an illustration, input and output fibre positions126, ambient 
temperature140, carrier-induced nonlinearity144,etc. All the methodologies above require 
third-party components which handicap the large-scale-integration of nanophotonics 
circuits. NEMS combined with nanophotonics structures can bridge this gap owing to 
its compatibility with CMOS processes. Here, the out-of-plane deformation strategy is 
adopted, which is straightforward and undemanding. The mechanically tunable 
capability of this type of split-beam nanocavity enables it be tuned intrinsically without 
introducing complicated NEMS actuators, which is more succinct than the 
configuration of coupled photonics crystal nanobeam cavities recommended in Ref.145. 
Ascribed to promising merits of sensitivity enhancement, dense compactness and 
111 
 
integration advantage, this platform may find many applications such as in 
reconfigurable nanophotonics filters, and sensors.     
 
Fig. 5.5 Global SEM image of the fabricated device; (b) details of three tapered holes near the 
cavity gap; (c) Magnified SEM image of half of the PhC split-beam nanocavity; (d) SEM image 
of the grating coupler 
Figures 5.5-(a) to (d) show the SEM images of the fabricated device. The PhC split-
beam nanocavity is designed using the same method discussed in section 4.2.1. One 
half of the cavity is supported by two straight beams while the other half is supported 
by a single straight beam. The slight lateral offset between the two split-beams is due 
to the asymmetrical supports of the two cavity beams. The radii of the three central 
holes (shown in Fig. 5.5-(b)) are 85 nm, 82 nm and 90 nm, respectively while the air 
gap at the cavity centre is 80 nm. The discrepancies observed between the actual 
dimensions and designed ones are attributed to fabrication irregularities.  Figure 5.5-(c) 
112 
 
shows one half of the PhC split-beam nanocavity which has a width of 500 nm, period 
of 328 nm and length of 12.5 µm. External light from a Single Mode Fiber (SMF) is 
coupled into the in-situ nanophotonics assembly through the 12 µm ×12 µm grating 
coupler shown in Fig. 5.5-(d). 
 
Fig. 5.6 (a) SEM image of the misalignment of the input port between the ridge waveguide and 
the suspended waveguide; (b) SEM image of the misalignment of the output port between the 
ridge waveguide and the suspended waveguide; (c) Simulated mode profile of the second-order 
waveguide mode using FDTD. 
Figures 5.6-(a) and (b) show the construction geometry of Fano resonance, in which 
the 50% width lateral offset between the ridge waveguide and air-suspended waveguide 
is fabricated on purpose. The air-suspended waveguide is gradually tapered from 1.2 
µm to 500 nm, which allows for adiabatic mode conversion. Its 500 nm width is capable 
of supporting the second-order quasi-TE mode of the suspended waveguide mode 
which can be excited due to the presence of the half-width lateral offset. As proven in 
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the Ref.126, this type of high-order leaky transmission mode can propagate inside the 
PhC split-beam structure, be attenuated over some distance and gradually radiate into 
other modes. The Fano lineshape occurs when this leaky waveguide mode interferes 
with the localized resonant mode. A simulation of the mode profile of the second-order 
leaky waveguide mode with odd symmetry using FDTD software (Lumerical Solutions, 
Inc) is shown in Fig. 5.6-(c).  
 
Fig. 5.7.(a) Schematic of cross sectional view of the device along the waveguide direction, 
voltage is applied to the device layer while the substrate is attached to the ground; (b) Relation 
between the applied voltage and the end deflection; (c) Top view of the simulated surface 
displacement of the structure under electrostatic force (unit of the color bar is nanometer). 
Since the out-of-plane deformations cannot be directly measured, FEM (COMSOL, 
free trial version) is applied to analyse the cavity’s deflection towards the substrate. 
Figure 5.7-(a) shows a schematic drawing of the out-of-plane nano-electro-mechanical 
tuning mechanism. The silica layer beneath the device is totally removed so that an 
electrical field exists between the two conductive layers. Initially, the two beams which 
are fixed at one end have no deflections along their lengths. When a voltage is applied, 
the electrostatic force exerted on the beams causes the free ends to bend towards the 
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substrate, perturbing the localized cavity mode. All the dimensions of the device are 
measured under an SEM and imported into the FEM simulation tool. The vertical 
electrostatic force acting on the split-beams is calculated accordingly. Figure 5.7-(b) 
reveals that the end deflections of the mechanically-separated beams vary quadratically 
with the applied voltage. The top view of the deformed structure under an applied 
voltage of 40 V is shown in Fig. 5.8-(c) in which the out-of-plane deflection (along the 
y-axis) at each point is clearly visible. The largest deflections (at the free ends) are 
around 90 nm.  
5.2.2 Characterization 
The device is experimentally investigated using the same setup as that reported in Ref.99.  
 
Fig. 5.8. (a) Full spectrum of the fabricated device (input laser power of 7 mW); (b) 
Experimental and fitting data of Fano resonance (input laser power of 1 mW); (c) Optical bi-
stability induced by thermal-optic effect. 
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The full spectrum transmission is shown in Fig. 5.8-(a) where only one quasi-TE 
resonant mode is available. Other resonant modes are submerged in the noise floor due 
to their low transmissions. The typical asymmetric Fano lineshape arising from the 
interference between the second-order resonant TE mode and the second-order leaky 
waveguide mode is clearly demonstrated in Fig. 5.8-(b) in which the curve using the 
formula from the Ref.125 is also shown. Its center wavelength (𝜆𝜆0) occurs at 1545.976 
nm and the quasi-FWHM is 26 pm, corresponding to a quasi Q-factor of 5.95×104. 
These results compare favorably with the same cavity design, but with a symmetric 
Lorentz lineshape99 of 78 pm and Q-factor 1.99×104  respectively. The optical bi-
stability induced by the thermal-optic effect is also studied. The linewidth of Fano 
resonance is observed to be severely broadened when the input laser power is increased 
to 7 mW (Fig. 5.8-(c)).  
Figure 5.9-(a) shows the blue-shift of Fano resonance caused by the bending of the 
nanocavity beams towards the substrate due to the electrostatic force. Additionally, the 
transmission of Fano resonance under 40 V is reduced to around two fifth of the original 
magnitude. Figure 5.9-(b) shows that the largest central wavelength shift of Fano 
resonance is up to 116.69 pm at an applied voltage of 40 V which is more than 4.5 times 
of the original quasi-FWHM. The minimum required voltage to achieve half quasi-
FWHM tuning range is less than 5 V which makes this design more energy-efficient. 
Furthermore, the end deflection of both mechanically-separated beams is 90.97 nm 
when the input voltage is 40 V, according to the FEM simulation results mentioned 
above. Even if the out-of-plane end deflection was to approach 100 nm theoretically, 
the quasi-FWHM of the device throughout the out-of-plane tuning range is expected to 
be maintained at between 20 pm and 30 pm. This demonstrates its robustness of keeping 
the linewidth narrow. The smallest quasi-FWHM is approximately 22.9 pm 
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corresponding to a quasi Q- factor of 6.75×104. As shown in section 4.2.1, the Q-factor 
of the PhC split-beam nanocavity can be further increased to 3-fold from 1.99×104 
to 5.95×104 by introducing Fano resonances.  
 
Fig. 5.9 (a) Fano resonance shift due to the applied voltage; (b) Fano resonance wavelength 
shift and linewidth change with the applied voltage from 0V to 40V. 
In conclusion, Fano resonance derived from the interference between the PhC split-
beam nanocavity resonant mode and the second-order quasi-TE mode of the suspended 
bus waveguide has been experimentally demonstrated. Compared to an identical cavity 
without asymmetric Fano lineshape, the Q-factor is increased from 1.99×104 
to  5.95×104 , thereby greatly improving the sensitivity of such PhC split-beam 
nanocavities. Also demonstrated is a method to use Fano resonance that can be tuned 
by actuating the split-beams by means of a NEMS–based mechanism. The mechanism 
causes the two split-beams to bend towards the substrate according to the electrostatic 
force exerted, which induces a blue shift of Fano resonance. The maximum centre 
wavelength shift of Fano resonance reached 116.69 pm at an applied voltage of 40 V, 
which is more than 4.5 times of the original quasi-FWHM. Moreover, less than 5 V is 
required to acquire the half quasi-FWHM tuning range. The largest Q-factor in the 
course of deflection rises to 6.75×104 when the applied voltage is 30 V. Based on the 
results, the proposed technique of utilizing Fano resonance based on the interactions of 
117 
 
localized resonant mode and high-order leaky waveguide mode in PhC split-beam 






This chapter describes two Fano resonance platforms based on PhC nanobeam cavities 
and NEMS integrations. They experimentally demonstrate the NEMS tuning through 
the in-plane translation affecting the coupling condition and the out-of-plane 
deformation. 
In the first section, one of the PhC nanobeam cavity of the doubly coupled PhC 
nanobeam cavities is changed into the Fabry-Perot waveguide cavity and form Fano 
resonance.  The measured Q-factor of the Fano resonance before tuning is 28,115. Due 
to the capability of NEMS bidirectional actuator, the decay rate of the nanobeam cavity 
into the waveguide is varied. The peak intensity level of the Fano resonance can be 
increased by 8.5 dB from 59.95 nW to 409.2 nW while the corresponding dip intensity 
presents the increment by 12.8 dB from 0.95 nW to 18.14 nW. 
In the second, a succinct Fano resonance design is proposed based on the PhC split-
beam nanocavity. This compact design makes the out-of-plane NEMS tuning into a 
reality. The maximum centre wavelength shift of Fano resonance reached 116.69 pm at 
40 V which is more than 4.5 times of the original quasi-FWHM. Fano resonance 
scheme is introduced to further improve the Q-factor of the PhC split-beam nanocavity. 
Compared with a similar PhC split-beam nanocavity without asymmetric Fano 




Chapter 6 Conclusions and Outlook 
6.1 Conclusions 
This thesis describes the development of the high Q-factor PhC nanobeam cavites and 
their potential applications. Theoretical, fabrication and experimental approaches are 
performed to achieve various PhC nanobeam cavities integrated with flexible NEMS 
designs. Attempts are made to: (1) validate the single (doubly coupled) PhC nanobeam 
cavities following the deterministic method; (2) study the behaviour of the doubly 
coupled PhC nanobeam cavities according to the in-plane rotation; (3) demonstrate the 
cavity optomechanics in the doubly coupled PhC nanobeam cavities in the NEMS PPAs; 
(4) propose and experimentally investigate a novel method of designing PhC split-beam 
nanocavities; develop the design method of slotted PhC nanobeam cavities for single 
particle detection; (5) extend Nano-Electro-Mechanical methods to tune the resonance 
of PhC split-beam nanocavities through their in-plane lateral and longitudinal 
translations; (6) propose the method to decouple the optomechanical effect from the 
thermo-optical effect based on the doubly coupled PhC split-beam nanocavites; (7) 
achieve the dynamic control of the asymmetric Fano lineshape stemmed from the 
interaction of the waveguide Fabry-Perot cavity and PhC nanobeam cavity; (8) 
experimentally demonstrate the Fano configurations to further increase the Q-factors of 
PhC split-beam nanocavities; the out-of-plane NEMS tuning is demonstrated as well. 
The conclusions reached are summarized as follows: 
1. A plethora of PhC nanobeam cavities following the deterministic method are 
fabricated. Among all the devices, the largest Q-factor of this coupled 
configuration was up to 104,100. The doubly coupled PhC nanobeam cavities 
are utilized to precisely transduce the in-plane rotation of one nanobeam into 
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the optical spectrum shift. The rotation angle between the two nanobeam 
cavities is ultra-finely controlled by the NEMS comb drive. In experiments, 
more than 18 linewidths of the TEe,3 mode corresponding to 0.037 mrad of the 
angle change between the two nanobeam cavities are achieved. This approach 
has the merits of small foot-print, high precision and applicability to various 
types of coupled nanobeam cavities. This mechanism can be applied in 
optomechanical devices due to one more DOF. 
2. The versatile NEMS on a silicon-on-insulator platform is proposed and the 
cavity electro-optomechanics and the optical spring effect experimentally 
demonstrated respectively.  The NEMS parallel plate actuator is adopted due to 
its straightforward design and optomechanical rigidity. The interplay between 
the out-of-plane deformations and the optical resonant mode is analysed.  
Additionally, the in-plane mechanical mode with the mechanical frequency of 
5.11 MHz is investigated and its dynamic characteristic measured in both low 
and high optical pump regimes. The mechanical frequency can be stiffened up 
to 5.14 MHz and the tuning range reaches 34 kHz, which is an improvement of 
11 fold compared with NEMS comb drive based structures. By combining the 
high optical Q-factor of coupled cavities and higher frequency of the mechanical 
modes, it opens the way for achieving resolved-sideband limit in NEMS. 
3. A novel method of designing PhC split-beam nanocavities is proposed, which 
combines both the deterministic method and local-search algorithm. Due to the 
abrupt termination of the cavity design, the Q-factors of PhC split-beam cavities 
are always blemished. Compared to published results, the record Q-factor is 
boosted from 13,000 to 19,900. Therefore, the efficacy of the design method 
has been validated. Since the split-beam nanocavity has multiple mechanical 
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degrees of freedom intrinsically, various mechanical motions can be excited. 
Compared to other prevailing tuning methods, the NEMS-based actuator is 
straightforward and power undemanding. When the lateral offset of one split-
beam is 64 nm, the resonant wavelength shift of the second TE mode is only 80 
pm while the Q-factors are all above 16,000. For the longitudinal translation, 
one half of the split-beam is driven by the NEMS comb drive, thereby enlarging 
the intrinsic gap inside the cavity center. The resonant wavelength is blue-
shifted (Δλ=-0.81 nm) from 1544.48 nm (0 V) to 1544.37 nm (30 V)-nearly four 
times the FWHM is induced due to the gap change. With its inherent merits of 
enhanced sensitivity, compact layout and easy integration, this platform has 
great potential applications in reconfigurable nanophotonics filters and sensors. 
4. The biosensing based on slotted PhC nanobeam is explored using the combined 
deterministic method and the local search algorithm. A slot is introduced in the 
center of the PhC nanobeam cavity which reduces the mode volume by an order 
of 10 without sacrificing the Q-factor and sensitivity. This sensor is 
characteristic of an ultra-small mode volume of 0.076 (λ/n)3 showing its 
prominent advantage in single nanoparticle detection with the minimum 
detectable nanoparticle radius being around 1 nm. Its Q-factor is as high as 
6.08×106 while its sensitivity is around 460 nm/RIU which is promising for 
refractive index sensing. This sensor can also be integrated into a highly dense 
array of sensor networks due to its unparalleled fabrication advantages. 
5. The doubly coupled PhC split-beam nanocavities are designed and 
experimentally demonstrated. Based on this platform, the mechanism of 
decoupling the ubiquitous thermo-optic effect out of the optomechanical effect 
is proposed. The thermal response of the coupled nanocavities is characterized 
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by controlling the device temperature and the resonant wavelengths of the odd 
mode (1557.28 nm) and even mode (1567.18 nm) are both red-shifted linearly 
from 17.4°C to 46.5°C. The tuning ratio of the two modes is measured to be 
97.4% implying that they respond almost the same to temperature changes. 
Therefore, changes of the wavelength difference between this pair of modes can 
be applied effectively to decouple the thermo-optic effect from the 
optomechanical effect without any on-chip temperature self-referencing. 
Additionally, the maximum quality-factor approached 28,300 throughout the 
thermal tuning range. The proposed structure paves the way for studying purely 
optomechanical actuations. 
6. The asymmetric Fano lineshape in side-coupled waveguide Fabry–Pérot and 
PhC nanobeam cavities is theoretically and experimentally characterized. Fano 
resonance, a universal interference phenomenon, stems from the interaction of 
a discrete state with a continuum of propagation mode. The measured Quality-
factor of Fano resonance before tuning is 28,115. A NEMS bidirectional 
actuator is integrated seamlessly to tune Fano resonance through in-plane 
translations in two directions. The peak intensity level of Fano resonance can 
be increased by 8.5 dB from 59.95 nW to 409.2 nW while the corresponding 
dip intensity has an increment of 12.8 dB from 0.95 nW to 18.14 nW. The 
maximum recorded Q-factor throughout the tuning procedure is up to 32,554. 
Potential applications of the proposed structure include enhancement the 
sensitivity for sensing, reconfigurable nanophotonics devices, on-chip intensity 
modulator. 
7. Fano resonance of the PhC split-beam nanocavity is triggered by the 
interference between the second-order quasi-transverse electric resonant mode 
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and the leaky high-order quasi-transverse electric propagation mode of the 
optimized PhC split-beam nanocavity. The higher Q-factor recorded is 59,500, 
which will lead improvements of sensitivity of sensors, optomechanical 
transducers. The out-of-plane tuning of Fano resonance is investigated for the 
first time by means of the NEMS. The maximum centre wavelength shift of 
Fano resonance reaches 116.69 pm which is more than 4.5 times the original 
quasi-FWHM. It is the first time that a NEMS tuning method has been adopted 










PhC split-beam nanocavities exhibit extraordinary capabilities in exploring 
optomechanical interactions. The doubly coupled nanocavities, are especially 
promising candidates. The method of decoupling the optomechanical effect out of the 
thermos-optic effect has been proposed. The first direction is to apply this mechanism 
in the air-suspended doubly coupled PhC split-beam nanocavities.  
The second direction is to explore the optical torque in cavity optomechanics. As the 
in-plane rotation of the doubly coupled PhC nanobeam cavities has been demonstrated, 
providing the mechanical degrees of freedom for rotations only is possible. Therefore, 
it is natural to excite the optical torque which is the analog to the optical gradient force 
in the cavity optomechanics.  
The third thought is to utilize the nature of the mode splitting. Optomechanical normal 
mode splitting has been demonstrated in Nature146. Inspired by this work, the 
ultrasensitive displacement detection based on the doubly coupled split-beam 
nanocavities is proposed. Shown in Fig. 6.1, the translation in -x direction of one split-
beam imprints on the output optical spectrum. If the mode splitting of any pair of the 
resonant modes is focused, the laser noise induced by the laser source can be totally 
cancelled. Besides the novel sensing mechanism, the strong coupling effect in this 
platform might also be observed. 
The fourth direction is to exploit the PhC split-beam nanocavities in cavity 
optomechanics. As different torsional and out-of-plane mechanical motions can be 
excited, the demonstration of the magnetic field sensing is possible. 
The fifth direction is to explore quantum optics in the cavity optomechanics. Since the 
optical spring effect in the cavity-based platforms has been demonstrated, it is natural 
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to move into the quantum optics as the position of the moving mirror is governed by 
the quantum mechanics. The interpretation of quantum optics with NEMS is new and 
interesting. The NEMS platform could be used as the quantum communication devices 
and powerful photon-phonon translators would be developed in the future. 
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